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I. Introduction 

A. The Nature of the Problem 
The Sequence Hypothesis states that the amino acid sequence of a 

protein is determined by the sequence of nucleotides in some particular 
piece of nucleic acid. The evidence in favor of this is now very consider- 
able, and will not be reviewed here. It is not unreasonable to hope that 
this relationship may be a simple one and that the sequence of the four 
bases in the nucleic acid can be thought of as a simple code for the amino 
acid sequence. 

This problem-the exact sequence of bases that determines each of 
the twenty amino acids found in proteins-is known as the “coding 
problem.” Recently there have been dramatic developments in this field 
and it now seems possihlc that the code will be found within a compara- 
tively short time. This review deals critically with the recent progress 
and discusses the general nature of the genetic code as we can glimpse 
it today. 

B. The Mechanism of Protein Synthesis 
The actual mechanism of protein syntlrcsis will not bc considered 

here in any tlctnil. WC ns~~m~~ that the main site of synthesis is the 
ri bosomes ; that the gcnctic mcssnge is conveyed there by a special 
species of RNA known as messenger RNA (see Lipmann’s article in this 
volume), which is usually made by copying one of the strands of the 
double helix of DNA (see Hurwitz and August’s article in this volume) ; 
and that the amino acids are conveyed to the ribosomcs by a special 
family of RNA molecules known as “soluble RNA” or “transfer RNA” 
(here called sRNA), which act as “adaptors” and carry each amino acid 
to its proper site. It is known that the sRNA molecules are specific and 
that thcrc is at least one type for each amino acid. Each amino acid is 
joined onto its own sRNA by a special protein-t,he activating enzyme- 
in a way that is fairly well understood (Hoagland, 1960). 

C. The “Standard” Bases and Amino Acids 
The four standard bases in DNA, adenine, guanine, cytosine, and 

thymine, will be denoted by their initial letters (A, G, C, and T, respec- 
tively), and those in RNA by A, G, C, and U, where U stands for uracil. 
Hypoxanthine will be denoted by H (not by I) and xanthine by X. Thus, 
polyinosinic acid-the polyribonucleotide all of whose bases are hy- 
poxanthine-will be called poly H. 

In fact, there are more than four bases found in DNA and RNA, and 
more than twenty amino acids in proteins. There are several reasons for 
ignoring the rarer bases: 

(1) Some nucleosides, such as pseudouridine, are only found in types 
of RNA that do not act as messenger RNA. 

(2) No correlation has yet been discovered between any unusual 
base and any particular amino acid. 

(3) All the unusual bases found either in genetic nucleic acid or in 
messenger RNA are capable of forming one of the two standard 
base pairs. No suggestion of a third base pair has been found. 
Thus it is difficult to see how the unusual bases could carry 
additional “information” (in the technical sense of the word) 
although they may, of course, express information already cnr- 
ried by the base sequence in a different form. 

The reasons for ignoring the rarer amino acids are: 

(1) All those found in genuine proteins appear to be simple derivatcs 
of one of the standard amino acids, e.g., phosphoserine. It is thus 
a reasonable guess that the modification may be made after the 
synthesis of the polypcptide chhin. 

(2) Their distribution is very uneven. For cx:unplc, hydroxyprolinc 
(in animals) is found only in colhlgcn and rclatcd molcculcs. 

Nevertheless, there is a possibility that in some cases a rare amino 
acid may be incorporated using the coding mechanism. For cxamplc, 
it would be interesting to know if there is a special sRNA fog 
hydroxyproline. 

There is now general agreement on the most likely set of stanfl:~rtl 
amino acids. This set of twenty (given in Table I) includes :rsp:~~~gir~c~, 

glutamine, and cysteine, but not cystine. It is perhaps worth noting th:\t 
the list has remained unchanged since it was first drawn up about 9 years 
ago. 

It has recently been claimed by Zubay (1062) that aspnrtic and glutnmic will 
should be removed from the list, as he believes that they arc actually incorporntrll 
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Al:mine 
Argiuino 
Asparaginc 
Aspartic acid 
Cysteine 
Glutamic acid 
Gluturuine 
Qlgcine 
Iiistidiue 
Isoleucine 

Leucine 
I,ysinn 
hlethionine 
I’henylalanine 
Proline 
Serine 
Threonine 
Tryptophan 
Tyrosine 
Valine 

0 In alphabetical order. 

as asparagine and glutamine (respectively) and then deamidated. This is unlikely 
for a number of reasons, and further evidence will be needed before his suggestion 
can be accepted. 

In addition, there must be a code of some sort for a “space,” or, more 
likely, for “begin chain” and “end chain.” 

Curiously enough, a number of proteins have an acetyl group at- 
tached to the amino end of the polypeptide chain. The list includes the 
proteins of several RNA viruses, horse heart cytochrome c, one chain of 
bovine fibrinogen, a-MSH, and ovalbumin. One wonders whether possibly 
this may be a way of separating polypeptide chains in those cases where 
perhaps more than one protein is coded on the same messenger RNA. 
It would be worth looking for a special sRNA that might perform this 
function, though it is of course always possible that the acetyl group 
is added by a special enzyme after the rest of the chain has been 
synthesized. 

Whether a separate language is needed for other purposes, such as 
control mechanisms, is not known. 

D. Glossary of Terms 
These definitions are not meant to be precise. They are merely a 

guide to the current usage. The meaning is usually fairly clear for 
simple codes, but may become ambiguous for more complicated ones. 

1. THE) CODING RATIO 

This is the ratio of bases to amino acids for a .suitably long message. 
For a fully overlapping code the coding ratio is 1. It is often assumed 
that the coding ratio is an integer, though this need not be the case. 

2. THE CODON 

This is a group of bases that code for one amino acid. In simple codes 
a codon is a fixed number of consecutive bases, e.g., in a “triplet” code 

it is three consecutive bases, but it is possible to conceive codes in which, 
for example, some codons consist of two bases and others of three. Again 
it is not certain that the bases making up a codon are adjacent on the 
polynucleotide chain. 

3. OVERLAPPING 

In an overlapping code’ a given base forms part of several codons. 
For example, in a fully overlapping triplet code one codon may consist 
of the bases at positions n, (n + 1)) and (n + 2)) and the next codon of 
those at (n + l), (n + 2), and (n + 3). In a partly overlapping triplet 
code adjacent codons would be at positions n, (n + l), and (n + 2) and 
(n + 2), (n + 3), and (n + 4). In a nonoverlapping code adjacent 
codons do not overlap. 

4. COLINEARITY 

The amino acid sequence and the equivalent sequence of bases on the 
nucleic acid are said to be “colinear” when the order of amino acids 
along the polypeptide chain is the same as the order of the corresponding 
codons along the polynucleotide chain. 

5. A UNIVERSAL CODE 

A code is universal if, throughout nature, any particular codon has 
the same meaning. 

6. DEGENERACY 

A code is said to be nondegenerate if there is only one codon for each 
amino acid. Otherwise it is said to be degenerate. In a highly degenerate 
code almost all the possible codons correspond to amino acids. A code is 
said to be “logically” degenerate if one can deduce the pattern of degen- 
eracy from a simple rule. 

7. TRANSITIONS AND TRANSVERSIONS 

A transition is a change of one purine into the other purine, or one 
pyrimidine into the other pyrimidine. In a transversion a purine is put 
in the place of a pyrimidine, or vice versa. Thus we have: 

A 

x 

T(U) 

C G 

transitions 

A-T(u) 

t t 
C-G 
transversions 

8. SENSE, ETC. 

A codon corresponding to an amino acid in the “wild type” gene is 
referred to as “sense.” If such a codon is charged (by mutation) to a 8, 
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codon for another amino acid, then it is called “mis-sense.” If it is 
changed to a codon that does not stand for an amino acid, it is called 
“nonsense.” If such a change completely destroys the function of the 
gene, the codon is called “absolute nonsense.” 

It is not yet known whether all nonsense is absolute nonsense. 

9. AMBIGUOUS AND UNIQUE 

A codon that stands at the same time for more than one amino acid 
is said to be ambiguous. A code, all the codons of which are unambiguous, 
is said to be unique. If some of the codons are ambiguous, the code is 
said to be partly ambiguous. 

II. General Questions 

A. Is the Code Overlapping? 

The first fairly precise code, suggested by Gamow, was of the over- 
lapping type. Gamow (1954) argued that this was plausible for stereo- 
chemical reasons. Adjacent amino acids in a polypeptide chain can be 
no more than 3.7 A apart, so that, in order to be joined together, they 
must be brought fairly close to each other. Adjacent nucleotides are about 
the same sort of distance apart--the exact distance depends upon which 
part of the nucleotidc is measured. The bases tend to stack with their 
planes 3.4A apart, but two adjacent phosphates (or two sugars) are 
usually 5-6A apart. However, for a nonoverlapping triplet code the 
relevant distance is not bctwcen adjacent nuclcotides but between every 
third nuclcotide. In the usual sort of structure this distance is likely to 
be 10 A, or greater. A simple picture of the assembly process would 
place adjacent amino acids too far apart t,o be joined together. 

We realize now that there arc several other ways of getting round 
this difficulty but at the timo it seemed that a fully overlapping code 
would be rather a neat solution. 

Any fully overlapping code will impose restrictions on the amino 
acid sequence, since the linear density of information is not the same 
in the two languages, there being at each step only four choices for a 
base, but potentially twenty choices for an amino acid. Thus the latter 
choice must necessarily be restricted. It was easy to disprove the code 
actually suggested by Gamow. This was of the overlapping triplet type 
and it was fully and logically degenerate. Apart from the fact that it 
failed to specify the direction of the polypeptide chain, it could be 
shown that it would not code for the known sequence of insulin. 

A search was next made to see if there were any restrictions on amino 

acid sequence. This work will not be reviewed here in detail. It suffices 
to say that no obvious restrictions have been found and that probably 
any amino acid can neighbor any other, though the data are still 
too scanty to exclude restrictions on the rarer amino acids, such as 
tryptophan. 

At about this time the adaptor hypothesis was first being considered. 
This hypothesis (see the account in Hoagland, 1960) states that the 
amino acid does not find the correct place on the template by specifically 
adsorbing to it, but is carried there by a special molecule, named an 
adaptor, that itself can fit onto the right places on the template and to 
which the amino acid is joined by a special enzyme. In modern bio- 
chemical terms the amino acid is joined by a special activating enzyme 
to a molecule of sRNA (the adaptor), which carries it to the template 
RNA. 

This hypothesis has recently been confirmed by the brilliant experi- 
ment of Chapeville et al. (1962) who have shown that once cysteine has 
been attached to its own sRNA it is incorporated by poly U,G as if it 
were cystcine even though it is chemically turned into either alanine or 
cysteic acid after being attached. In other words, the amino acid goes 
where the sRNA directs and has no further control over its own 
destination. 

The importance of this hypothesis, as was realized at the time, is that 
there is no obvious reason why a particular amino acid should be coded 
by any particular codon. How the codons and amino acids are asso- 
ciated depends on the exact structure of each activating enzyme and each 
molecule of sRNA, and could, for all we know, arise from historical 
accident. This permits codes to be degenerate in a great variety of ways. 
However, by an ingenious argument, Brenner (1957) was able to show 
that the ncnrcst-ncigltbor data ruled nut a21 possible fully ovcrlnpping 
dcgenernte triplet codes. At that time he assumed the code was universal 
and thcrcforc lumped together that data from all spccics; now that so 
many more sc~pmxx have hcen detcrmincd, the argument could proh- 
ably be applied to the nearest-neighbor data from mammals alone, or 
even from one particular mammal. 

However, recent work has made it unlikely that anl~ simple ovcr- 
lapping code can be correct. This comes from a study of the changes in 
amino acid sequence produced by mutation. In a fully ovcrlnpl,ing rode 
the change of a base will alter several adjacent amino acids. In pnrticu- 
lar cases, because of degeneracy, there may be fewer chnngcs, but usually 
an alteration to a single base in a fully overlapping triplct code mill 
change three adjacent amino acids. 

Now all the data suggest that the typical change from a mutation 



170 F. H. C. CRICK RECENT EXCITEMENT IN THE CODING PROBLEM 171 

affects a single amino acid. For example, this is so far true of all the 
abnormal hemoglobins studied in detail, However, the most useful results 
have been obtained by treating the RNA of Tobacco Mosaic Virus 
(TMV) with nitrous acid, and then determining the alteration in se- 
quence (if any) produced in the TMV protein (see Section IV,A for 
references). Again the typical change affects a single amino acid. No 
case has yet been reported of a change of two adjacent amino acids. 

This evidence makes overlapping codes rather unlikely, though it is 
possible, with ingenuity, to imagine a partly overlapping code that will 
fit the facts. Such a code has in fact been suggested by Wall (1962) and 
is discussed in Section VII&S. 

If the code is nonoverlapping there must be some way of deciding 
how the bases are grouped into codons, since the RNA structure itself 
has no obvious “commas” that could do this. Of course a particular base 
might function as a comma, though this does not seem very likely. At 
one time it was thought that perhaps the code might be of the “comma- 
less” type, and could be read in one way only. It can be shown that with 
four bases this can bc clone witbout imposing restrictions on the amino 
acid sequence if the number of amino acids does not exceed twenty 
(Crick et al., 1957). 

At the moment a comma-less code seems very improbable for a 
number of reasons. For example, with such a code one cannot easily 
explain the large variation in base composition of the DNA of different 
microorganisms. Polyuridylic acid should not act as a messenger, and 
other results of the cell-free system cannot be explained (see Section 
VII,C,l). 

B. Is the Message Read from One End? 
The best evidence that this is so comes from recent genetic studies 

on the A and B cistrons of the rII locus of bacteriophage T4 (Crick 
et al., 1961). There is no direct evidence that either of these two genes 
codes for a polypeptide chain, but there is indirect evidence [the ambi- 
valent mutants of Uenzer and Champe (1961)] that suggests they do. 

The argument turns on the nature of the mutations produced by 
acridines such as proflavine. Acridincs act in this way only on the phage- 
infected cell, not on free phage, and the action does not need light. It is 
suspected that the mistake occurs during either replication or recom- 
bination, from the acridine slipping in between adjacent base-pairs and 
forcing them apart (Lerman, 1961). It is postulated that the mutants 
produced come not from the alteration of a base (as in the case of nitrous 
acid) but from the deletion or addition of one or more of the bases. 
Mutants of this type, which includes many of the spontaneous mutants 

of the ~11 locus, have certain characteristics in common. They arc usually 
nonleaky (that is, the activity of the gene appears to be completely 
lacking, rather than merely reduced) ; they cannot be reverted by basc- 
analog mutagens, such as 5-bromouracil or 2-aminopurine; when they do 
revert, either spontaneously or in the presence of acridines, they 11suu11y 

do so by making a second mutation not too far from the first one. By this 
method, many such mutants in the Bl and B2 segments of the R cistron 
have been isolated. It is found that they fall into two classes, called for 
convenience + and -. For the purposes of explanation, the + class 
can be considered to have an extra base, and the - class to have one 
base too few. 

By genetic recombination, these mutants can be put together in one 
gene in pairs. Pairs of the type (+ +) or (- -) show no function, but 
pairs of the type (+ -) behave rather like the wild type gene, provided 
the two mutants are not too far apart. How far this can be depends upon 
whether the + is on the left or the right of the - on the genetic map. 
We thus have the interesting situation that two tnntnnts, either of which 
scparatcly will completely destroy the function of the gene, will, when 
combined within the same gene, allow the gene to function. 

All this can be neatly explained by assuming that the message is 
read from one end in groups of a fixed size, and that in this part of the 
gene small alterations to the message may not make much difference 
to the function. Let us suppose that the message is read off, from a fixed 
starting point, in groups of three bases at a time. The addition of a hnsc 
will throw the rending out of phase, and hcyond that point the mess:cgc 
will be completely wrong. Hence such a mutant will hnvr no funrtiorr. 
Similarly for the deletion of a base. However, for a tloulh m~lt:irlt of 

the type (f --I the mcssnge will only he incorrcrt hcxtwrcn tlic two 
mutations, and provided this distance is not too grcnt this m:iy not, nltcr 
the function of the gene. 

The strongest cvidencc that tlrc mcss:igc is rcnrl from on(> cn~l (bnn11”: 
from the study of a mutant (the dclction IFi89) WII~C~II nppcnrs to II:IW 
joined the A and B cistrons togcthcr. This mutant hns lost a part of both 
the A and B cistrons. In spite of this it still shows some B cistron 
activity. Normally any mutant that maps wholly within the A rist.t.on 
does not affect the act.ivity of the R cistron, and vice VCTSZ. This snggcs(s 
that there is something between the two cistrons tlt:rt mnkcs thcrn tlis- 
tinct. It was argued that this small separating region n011lt1 IMVC IWWI 

lost in the mutant 1589, and that, since thcrc was now nothing to keep 
the two cistrons apart, they should he joined together. This provcxrl lo 
be the Case, since a mutant of the ncrirline type in the A ci?tron ~II(>II 
combined in t.he same gene as 1.589, now destroyed the frmctinn ‘of tllr 



172 F. II. C. CRICK RECENT EXCITEMENT IN THE CODINU PRORLEhl 173 

13 cistron. This has been true for all seven acridine mutslnts so far tested. 
Base analog mutants or deletions, on the other hand, when combined 
with 1589, allow the B function to be expressed in about half the cases 
teslcd (for further results see Benzer and Champe, 1962). 

It thus seems very likely that the message is read from a fixed point, 
probably from one end of the cistron. However, in biochemical terms we 
have two readings: the reading of the messenger RNA from the DNA, 
and the reading of the protein from the messenger RNA. Although there 
does not appear to be any very direct evidence it is more reasonable to 
assume that the latter process is the one disturbed in acridine mutants. 

This genetic evidence is very compatible with the biochemical evi- 
dence, reported earlier by Bishop et al. (1960)) Dintzis (1961)) and 
Goldstein and Brown (1961), that the amino acids are assembled into 
the polypeptide chain in a linear order starting at the amino end. 

C. The Coding Ratio and the Size of the Codon 
The obvious way to find the coding ratio is to find the size of the 

piece of nucleic acid coding a protein of known length. Unfortunately it 
is as yet very difficult to do this with any precision. The usual method 
is to estimate the fraction of the total DNA of the organism that consti- 
tutes a particular gene by comparing the length of the gene on the 
genetic map with the total length of the map. Such an estimate can be 
only approximate for a variety of reasons. It suffices to say that, in the 
few cases for which the data is available, the results come to small 
numbers between, say, 2 and 10. 

The recent experiment of Bautz and Hall (1962), in which they 
appear to have purified the messenger RNA for a particular gene, sug- 
gests another possible approach, but here too the method is not likely 
to lead to a result one can trust without a lot of careful work. 

A quite different method comes from the genetic work on the acridine- 
type mutants of the rI1 locus of phage T4 described in the last section. 
Whereas two of these mutants, of like sign, when combined in the same 
gene, still give the mutant phenotype, three such mutants, if close enough 
together, combine to give a phenotype resembling the wild type (Crick 
et al., 1961). This obviously suggests that the coding ratio is three. While 
this is the most likely interpretation, the evidence would also be com- 
patible with it being any multiple of three, though subsidiary observa- 
tions make this less likely. Unfortunately, more elaborate theories are 
also not completely eliminated. For example, a code in which the com- 
mon amino acids had codons of three bases, while a few of the rarer ones 
had codons of only two bases, might still be compatible with the results 

reported so far, though it would be difficult to reconcile them with a 
predominantly doublet code of the type suggested by Roberts (1962). 

If the code is nonoverlapping (and there are no dummy bases be- 
tween codons) the average size of the codon will equal the coding ratio. 
If the code is overlapping, or partly overlapping, it will be greater than 
the coding ratio. At the moment we have no evidence on the codon size 
apart from that described above for the coding ratio and the absence 
of overlapping, which together suggests that each codon consists of three 
bases. 

There is one argument frequently used about the probable size of 
the codon that seems to me to be quite without foundation, Physico- 
chemical studies have shown that the binding of a trinucleotide to a 
polynucelotide is rather weak. Therefore, it is argued, a codon must 
have more than three bases. 

There might have been some point in this argument at the time 
when comma-less codes were being considered, since such codes could 
allow the sRNA to attach to the template well ahead of the growing 
point. All the more recent work suggests, however, that the synthesis 
proceeds one step at a time, and that the sRNA need only attach at the 
actual growing point. This could have a very special environment, and 
indeed one would certainly expect to find there a protein catalyzing the 
actual chemical act of polymerization. Thus there is no reason why this 
protein should not assist, unspecifically, in strengthening the binding of 
the sRNA, and, as far as I can see, even a codon with one base would 
suffice from this point of view. After all, DNA appears to be synthesized, 
in a highly specific manner, one base at a time. 

D. Is the Code Universal? 
The four bases and the twenty amino acids seem to be essentially 

the same throughout nature but it does not follow that the code relating 
them is necessarily everywhere the same. Of course, if each of the amino 
acids were in some way structurally related to the triplets that represent 
it [as Woese (1962) appears to believe] then we should certainly expect 
the code to be universal, but so far no one has been able to suggest any 
plausible way in which they could be stereochemically related. Indeed 
it was this very difficulty which led to the adaptor hypothesis (see Sec- 
tion I&A). 

It used to be argued that once a complete code had arisen it would 
be very difficult to change since any alteration in the meaning of a 
triplet would produce changes in almost every protein in the organism 
and would thus in all probability be lethal. This argument would lose 
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some of its force if the code were degenerate and if one particular triplet 
were used very infrequently. For instance, in an organism having a DNA 
very high in G and C the triplet AAA would tend to be rare. Under 
these. circumstances mutations in the sRNA and the appropriate activat- 
ing enzyme, which would allow it to change its meaning, might not be 
lethal. If, in the course of further evolution, the base ratio of the DNA 
of such an organism drifted back from the extreme value to one havmg 
more A and T, then the triplet AAA might become fairly common. 

All this supposes that at some very primitive stage all organisms 
had the same code. This might have happened if the system arose only 
once, though it is not obvious that the code should have evolved by a 
whole series of distinct additions to a simpler system without diversifica- 
tion occurring. In any case, it is very unsatisfactory to have to argue 
about events that took place a very long time ago under quite unknown 
conditions, or about very unlikely events that might conceivably have 
occurred anywhere in biological time. All such arguments, in the last 
analysis, amount to saying that, since the twenty amino acids are 
universal and have not changed, one expects the same of the code. This 
argument is plausible, but not convincing by itself. 

Fortunately, in the last year or so, experimental evidence has accu- 
mulated suggesting that the code may well be universal. The method 
used is to synthesize a particular protein in a cell-free system, usmg 
some of the components from one species and some from another. Thus, 
von Ehrenstcin and Lipmann (1961) synthesized hemoglobin using ribo- 
som~s Iron1 rabbit rcticulocyte combined with sRNA (with radioactive 
Icu~inc att,achetl) from E. coli. The autoradiographs of the “fingerprints” 
of the tryptic digests suggest that the hemoglobin made is very similar 
to if not identical with, normal rabbit hemoglobin. This cxpcriment has 
sirlcc, been successfully repeated (van Ehrenstein, Weisblmn, an.d Benzer, 
personal communication) with sRNA from both yeast and Mzcrococcus 
Zysodciktirus (which has a DNA with a high GC content). 

Assuming that the sRNA has the role usually attributed to it, this 
certainly suggests that the code for mammals is fairly similar to that 
for microorgamsms. for microorgamsms. 

hfor~ rprmtlv it has been she hlore recently it has been shown by Tsugita et al. (1962) that a 
protein. protein very similar to TMV protein can be made by adding T’MV RNA 
to n rcll-fl to a rcll-free systrm from E. coli. A similar experiment on the protein 
of the RN. of the RNA phage f2 has been reported by Nathans et al. (1962). 

‘It hnq Tt has been shown by Signer et al. (1961) that the alkaline phos- 
phatatG EIIS phatasc made by an B. coli cpisome in a ccl1 of Serrfltia mnrcescens is 
vcrv &nil: vcrv similar to. if not iclentical with, that made in cells of E. coli, and 
quite distinct from the alkaline phosphatasc made by S. marcescens 

itself. The techniques used were starch electrophoresis and fingerprints 
of trypsin digests. E. coli DNA has 50% (G + C) whereas S. nmrcescens 
DNA has 58%. They conclude “the type of enzyme synthesized by the 
cell appears to be determined solely by the genetic material and not by 
the cellular environment.” A similar experiment, using the enzyme ,& 
galactosidase, has been carried out by Jacob in collaboration with Stainer 
and Condamine, and briefly mentioned by Jacob (1961). 

All these experiments suggest that the code may well bL __--. _.UI. 
but they might also be compatible with codes that, while mainly unil 
versal, differ slightly from one organism to another. 

Fortunately, it should soon be possible to test the matter in a more 
direct manner by adding synthetic polynucleotides to cell-free systems 
from different organisms. A start has aheady been made by Arnstein 
et al. (1962), who have shown that the stimulation of phenylalanine 
incorporation by poly U also occurs in a cell-free system from rabbit 
reticulocytes. [See also Weinstein and Schechtcr 
ClORI)\ 1 (1962) and Maxwell 
\ruu*,., 

III. The Cell-Free System 

A. Experimental Results and Interpretations 
The biochemical details of this system will be 

very briefly. The components are usually obtained from E. coli. 
mentioned here only 

The system generally consists of washed ribosomes, sRNA, and a “supernatant” 
frachn. It is usually suppliwl with amino acids, GTP and ATP (and osuslly an 
ATP-gencrat,ing system). hlcrcnptoethanol, or some similar com[~olmtI is USU~II~~ 
Wesent nnd the concentration of hlg” is critiall; 11 tyl,icnI v&c is 15rrrif. RNA ~;r 
various qmthetic polynacleotidrs mny 1112 n~ltlt~l. Very littlr nr:t syntllcsis t:ikps 
J’hlce and, lo StIldJ’ nfnino u&l incorporalion, 011~’ or more of I fwnl is II&P r:irlio- 
active. At the end of the incubntion (15 minutcR at 37” is oftrn usr~l), the “r,r<,lrin” 
is r~rccipitatcd, for esxnple with hot i,richloroncetic arid, nashed, ant1 collnt r,d. 

This system, developed by the studies of many workers, is dcscrihccl 
in detail by hfatthaei and Nirenberg (1961), who refined it, They con- 
firmed earlier reports (Tissi&rcs et ol., 1960; Tiss;&es and IIopkins 
1961) that amino acid incorporation was partly inhibited by DNase ani 
showed that, while the . ‘.. * : znmal 
ration was greatly r1 educed. 

rate was unaltered, the subsequent incorpo- 
This suggest4 that the DNA had been 

acting as a template for the synthesis of mRNA, which in turn ~:LS 
acting as a template for protein synthesis. They, therefore, added RNA 
from various sources, and found that the RNA from tobacco mosaic virus 
greatly stimulated amino acid incorpolation Ia sitttilat. sLitnttIntjon ~)y 
the RNA of t’ urnip yellow virus was founcl by Ofcncand and IT:LwII~cw~ 
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(1962)]. In addition, they tried adding various polynucleotides and 
made the spectacular discovery that polyuridylic acid (poly U) produced 
an enormous increase in the incorporation of phenylalanine, and appar- 
ently of no other amino acid. Moreover, the product had the rather 
unusual soluhility properties expected of polyphenylalanine (Nirenherg 
and Matthaei, 1961). 

The incorporation needed the usual components-the ribosomes and 
the supernatant fraction-and was inhibited in whole or in part by 
puromycin, chloramphenicol, and RNase, but hardly at all by DNase. 
The presence or absence of the other amino acids made no difference to 
the incorporation of phenylalanine. In a subsequent paper (Nirenberg 
et al., 1962), they showed that phenylalanyl sRNA was an intermediate 
in the synthesis. 

This discovery completely revolutionized the biochemical approach 
to the coding problems, since it offered a relatively simple way of attack 
hv determining which polynucelotides stimulate the incorporation of .a 

which amino acids. The initial results, however, were rather negative. 
No significant stimulation was obtained with poly A, poly H, or poly C, 
although the latter appeared to produce a small incorporation of proline. 
Nor was appreciable activity given by a “random” poly A,U.’ The 
important observation was made that a mixture of poly A and poly U 
(which comhinc to form a triple helix of one poly A and two poly U) 
did not stimulate the incorporation of phenylalanine. This suggests that 
single-strandedness is necessary for activity. 

On the important question as to whether the synthetic polyribo- 
nucleotides act catalytically or stoichiometrically, the present evidence 
certainly suggests that they work more than once. Matthnci et nl. (1962) 
report that under the best conditions a little less than one molecule of 
phcnylalaninc is incorporated for each molecule of urncil added as 
poly U. (This has hecn confirmed by other workers.) In addition, it has 
been shown (though not necessarily on the same incubation mixture) 
that much of the added poly U is rapidly broken down shortly after 
being added to the system, whereas phenylalanine incorporation goes on 
for some time (Nirenberg; Boye, both personal communications). This, 
taken with the fact that the code is unlikely to be overlapping, makes 
it very improbable that the poly U is acting stoichiometrically. 

The most extensive work on the incorporation stimulated by polymers 
of mixed composit.ion has been done by Ochoa and his colleagues 
(Lengycl et nl., 1961, 1962; Speyer et al., 1962a,b). Using polynucleo- 
tide phosphorylase, they synthesized polyribonucleotides containing only 

‘The comma in poly A,U indicates that the proportions of A and U are 
unspecified. 
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two or three of the four bases. In all cases one of the bases was uracil, 
which was present in excess in the incubation mixture. Such polymers 
naturally incorporate large amounts of phenylalaninc, and it was hoped 
that this would make the polypeptides produced rather insoluble and 
thus easily recoverable by acid precipitation. Each polynucleotide was 
tested against all of the twenty amino acids, by adding one amino acid 
in a radioactive form and all the nineteen others unlabeled. The addi- 
tional incorporation (above the background observed when no poly- 
nucleotide was added) was then calculated on a molar basis and ex- 
pressed as the ratio of the molar incorporation of phenylalanme. Their 
results show that such polymers give substantial incorporation for 
phenylalanine and six other amino acids (about 20-25s of phenyl- 
alanine), some incorporation (between 3-100/o of phenylalanine) for ten 
others, small incorporations for aspartic acid (2i/%) and glutamic acid 
(l$$%), and no observable counts for glutamine. A “false” incorpora- 
tion reported for threonine was about 6% of the phenylalanine. 

The observed incorporations were then interpreted as follows. It was 
assumed : 

(1) that the code is based on triplets; 
(2) that the composition of the polynucleotide is the same as that 

of the incubation mixture used to produce it.+ 
(3) that, to a first approximation, the sequence fs random. 

It was thus possible to calculate the expected frequency of any par- 
ticular triplet. It was tacitly assumed that usually only one triplet stood 
for each amino acid, and the effect of possible nonsense triplets was not 
seriously considered. Only the triplet UUU was assigned to phenylnla- 
nine, and triplets wcrc nssignrtl to the otlrcr amino acids on the h:lsis of 
the ratio of their incorporation comparctl with that of phenylalanine. 
Naturally only the composition and not the order of the triplets can he 
obtained by this method. By this means Ochoa and his colleagues wcrc 
able to allot a triplet to all the twenty amino acids except glutamine. 
These triplets are listed in Table III ’ ’ in Section III,E. Two triplets wcrc 
suggested for asparagine, three for leucine, and a second doubtful one 
(UCC) for threonine-otherwise one triplet was given for each amino 
acid. 

These results are of very considerable interest, though in a subsequent 
paper (Speyer et al., 1962b), the authors indicate that “the possibility 
that . . . the code may be more extensive than is apparent at present . . . 
should be kept in mind.” 

Similar results for fourteen of the twenty amino acids have been 
* SW Addendum. 



TABLE II 
AMINO ACID INCORPORATION IXTO PROTEIN STIMULATED BY RANDOMLY MIXED POLYXIXLEOTIDES'.~ 

03 

Polynucleotide UA UC UG UAC UGC UGX 
Composition of 

coding unitsc 

Base-ratio u = 0.87 u = 0.39 u = 0.m u = 0.834 u = 0.341 U = 0.675 
A = 0.13 C = 0.61 G = 0.24 A = 0.050 G = 0.152 G = 0.291 

C = 0.116 C = 0.502 A = 0.034 

Probability of UUU-100 UUU-100 UUU-100 UUU-100 uuu-100 uuu-100 
triplet relative UUA- 13 UUC-157 WG- 32 WA- 6.0 UTJG- 46.2 ULX- 43 
to phenylalanine UAA- 2.2 UCC-244 UGG- 10.6 UAA- 0.4 UGG- 21.0 UGG- 19 

(UW = 100%) AAA- 0.3 CCC-382 GGG- 3.4 AAA- 0.02 GGG- 1.0 GGG- 8.1 
uuc- 13.9 UUC-147 WA- 5.1 
ucc- 1.9 UCC-218 UAA- 9.26 
ccc- 0.3 CCC-332 AAA- 0.01 
UAC- 0.8 UGC 68.1 UGA- 2.2 
AAC 0.05 GGC 31.7 GGA- 0.1 
ACC- 0.12 GCC-101 GAA- 0.01 

Amino acid 
Phenylalanine 
Arginine 
Alanine 
Serine 
Proline 
Tyrosine 
16oleucine 
Valine 
Lcucine 
Cyst&e 

Tryptophan 
Glycine 
Methionine 
Glutamic acid 
Lysine 

100 100 100 100 100 100 
0 0 1.1 0 49.3 2.9 
1.9 0 0 1.0 49.4 0.9 
0.4 160 3.2 3.6 170 2.3 
0 266 0 0 186 0 

19 0 0 8 1.0 8.6 
12 1.0 1.0 4.8 5.4 8.4 

0.6 0 87 0.4 29.8 76 
4.9 79 36 5.1 157 44 
4.9 0 85 0 6.4 46 

UUU... 
UCG... 
UCG.. . 

UUC.. +UCG... 
ucc... 
UUA... ? 

WA... .” 
UUG... P 

UUC.. +UUG... i 
UUG... orUGG 

E 

~ __ - .- 

1.1 0 14 4.7 0 0 1.6 P UGG... m” 
14 0.6 0.5 0 9.7 
0 

16 UGG... m” 
1.5 0.6 0 1.5 

0 
6 2 

1.2 
UGA... 

0.44 
6.2 UGA., B 

UAA. (?) 0 
a Taken from Matthaei et al. (1962). 2 
S The figures in the main part of the table represeut the incorporation of any amino acid compared to phenylalanine incorporation E 

expressed &9 percentages (mrmoles amino acid incorporated/~oles phenylalanine incorporated X 100). Boldface figures refer to the 
polynucleotide containing the nucleotides necessary to atimul& the incorporation of a g&n amino acid. The reproducibility of the above 
percentage figures was f3. & 

’ Sequence of nucleotidea in a coding unit is not specified. 
2 
m 

8 
E 
2 

3 
is 
E 
$ 
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reported by Matthaei et al. (1962). The essential features are reproduced 
in Table II, taken from their paper. This should enable the reader to 
grasp the principle used in allocating triplets and to form some idea of 
the agreement between theory and practice. It should be noted that this 
agreement might be improved by allocating further triplets, especially to 
phenylalnnine. For example, the results for poly U,G,C would fit better 
if one gave (UUC)* to phenylalanine in addition to UUU, and also gave 
both (UCC) and CCC to proline. This illustrates some of the diffi- 
culties of interpretation that arise. 

The triplets allotted by these authors agree with those of Ochoa’s 
group, except that they do not confirm (UUA) as one of the triplets for 
leucine, nor the doubtful (UCC) for threonine. Matthaei et al. (1962) 
are not clear whether cysteine is represented by (UUG) or (UGG). 
They suspect that, in addition to (UUC), serine may also be repre- 
sented by (UCG) . 

It has recently been reported that a poly C,A containing either 85% 
or 63% C will stimulate the incorporation of proline and some threonine 
and histidinc (Pretschcr and Grunberg-Mnnngo, 1962). The poly C,A 
was carefully analyzed and contained less than lo/O U (and about 0.8% 
G). It has also been found that a poly A,G,C stimulates the incorpora- 
tion of several amino acids (Bretscher, personal communication). HOW- 
ever, the possibility has not been eliminated, in either of these cases, 
that some deaminntion may not take place in the incubation mixture. 
With this reservation, it appears that a polymer need not contain U to 
work in the cell-free system, though polymers with an excess of U 
certainly seem to work best.” 

B. Criticisms of the Experiments 

There arc so many criticisms to be brought against this type of 
cxperinlcnt that one hardly knows where to begin. The major criticism 
of the work is that there is no measurement of the composition of the 
polynuclcotides used. The assumption that the polynucleotides have 
the same composition as the incubation mixture from which they are 
made is known to be invalid in some cases, especially for mrxtures m- 
volving G. Reluctantly, one must put to one side most of their results 
for polynucleotides containing G until their composition has been 
IIlcasul.cd.* 

A second major criticism is that small amounts of incorporation 

‘U[JC clrnotrs a triplot with the bases in that o&r. (WC) denotes a triplet 
in which the order of hscs is unknown. 

* See A~ldcndr~m. 
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should be looked on with suspicion. Two groups of workers (Matthaei 
et al., 1962; Bretscher and Grunberg-Manago, 1962) have reported that, 
in addition to phenylalanine, poly U stimulates the incorporation of some 
leucine, usually between 5 and 10% according to the latter workers who 
have gone to some lengths to show that this is not a simple artifaci due 
to impurities, etc. Moreover, it has been shown (Nirenberg, personal 
communication) that, if precautions are taken to remove all traces of 
phenylalanine, the incorporation of leucine in the presence of poly U 
may be considerable (up to 50% of the usual phenylalanine incorporation). 

Whatever the reasons for this effect, it implies that small amounts 
of incorporation should be mistrusted. That this is not needless precau- 
tion is shown by the case of threonine. Polymers containing various 
amounts of U and C will incorporate only small, though usually variable 
amounts of threonine. Since the poly U,C first tested was mostly uracil’ 
the triplet (UCC) was expected to be rare, and thus this small incorporal 
tion of threonine was ascribed to (UCC). However, a poly U C con- 
taining mostly C, in which the triplet (UCC) should be common, in- 
corporates little, if any, threonine (Uretscher and Grunberg-Manago, 
1962; Nirenberg, personal communication). 

These results underline the necessity of measuring several poly- 
nucleotides with related composition, and of carefully measuring their 
composition and their purity, before allocating triplets. This has so far 
been done in only a few cases (for poly IJ,C and poly U,G) (Nirenherg 
personal communication) and, at the time of writing, the results have 
not been published. 

C. Criticism of the Interpretation 
The remaining criticism concerns the methods used to allocate trip- 

lets to amino acids. It should be rcmcmbcrcd that the hiochcmical 
experiments themselves give no justification for a code consisting entirely 
of triplets, and indeed some of the results (for example, those for poly 
U,C) would fit equally well a code consisting mainly of doublets. The 
main evidence for a wholly triplet code is from the genetic work on the 
rII gene of phage T4, and this can only be accepted with reservations. 
However, the assumption that all codons are triplets is at the moment 
hy far the most likely, and it is reasonable to proceed on this basis. 

The same cannot be said for the assumption t,hat the code is com- 
pletely or almost completely nondegenerate; this is a favorite of authors 
not closely acquainted with the problem. This is discussed in detail 
later. The method used by Ochoa and his colleagues to allocate trip- 
lets would work well if the code were nondegenerate, or at any rntc 
only slightly degenerate, and if the effect of nonsense triplets could bc 
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ignored, either because the mechanism skipped over them in some way 
or, alternatively, if they led to spaces in the transcription, that is, to 
short polypeptides, which nevertheless were sufficiently msoluble to be 
precipitated by acid. For example, since only two of the three possible 
triplets of (UUC) have been allocated t.o amino acids, it is tacitly 
implied that one of them is nonsense. Thus, a polymer with the composi- 
tion of 5 U’s to 1 C would lead to a nonsense triplet about one time in 
six, and the average length of peptide (assuming no skipping) would 
be about 5 residues, assuming that the base sequence is random. 

The other theoretical difficulty in allocating codons concerns polymers 
that do not stimulate incorporation appreciably, such as poly C. At first 
sight this suggests that CCC is a nonsense codon, but another alternative 
is that poly C may not work because it has secondary structure, for 
which there is some evidence in that it shows some hyperchromic change 
With temperature, unlike poly U, which shows none. In fact, there is a 
suspicious correlation between polynucleotides with secondary structure 
and inactivity in the cell-free system. In particular, it has been shown 
(Nirenberg and Singer, personal communication) that if polynucleotides 
containing U and various amounts of G are tested in the cell-free system, 
there comes a point, as the proportion of G is increased, when the 
incorporation activity starts to decline. This is just the point where 
physical chemical studies show the onset of secondary structure. 

To give an example, the triplet (UCG) has been allotted to arginine, 
hut there is no strong reason why this amino acid should not also be 
given the triplet (GGC). Even if a poly G,C does not act in the cell-free 
system, it would have to be shown that this failure did not come from 
secondary structure, from a nonsense triplet (such as perhaps GGG), 
or from a failure to recover the peptides owing to too high a solubility, 
before it could be shown that (GGC) does not code nrgininc. 

The methods used by Ochoa’s group, then, if carefully applied, can 
lead to the plausible allocation of certain codons. For example, the quan- 
titative studies of Nirenberg and his colleagues (unpublished) make it 
highly probable that (assuming triplets) one of the (UUC) codons repre- 
sents serine and one of the (UUG)‘s represents valine. But to attempt 
to identify other codons for serine and valine leads to many difficulties. 
“Errors” of incorporation, lack of randomness of sequence, failure to 
rccovcr certain pcptides, and uncertainties about secondary structure all 
make the allocation of further triplets very precarious. 

D. On Random Sequences 
In interpreting the incorporation stimulated by synthetic polynucleo- 

tides in the cell-free system, it is usually assumed that the sequence of 
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these polymers is random, or approximately so. There is very little 
experimental data on this and theoretical studies (Simha and Zimmer- 
man, 1962) suggest that what there is may not be too reliable. Unfortu- 
nately, it involves a considerable amount of rather careful work to 
establish the point even in the most favorable case, which is that of a 
polyribonucleotide containing only two bases, one a purine and the 
other a pyrimidine. 

However, there are some limitations to the frequency of base pairs 
triplets, etc., even when the sequence is very far from random. Thus any) 
sequence whatever (of infinite length) of two letters X and Y presents 
the doublet XY as often as the doublet YX. Moreover, it is easy to prove 
the more general theorem that the occurrences of XY, equal those of 
Y,,X. For example, XYYY occurs as often as YYYX (the n = 3 case). 
Similarly for the pair X,Y and YX,. 

To give a concrete example, let us suppose that the triplets UCC and 
UCU were attributed to leucine, while CUC and CUU were given to 
serine. Then, if the incorporation of leucine is observed to be less than 
that of serine, this cannot be attributed in a simple way to a nonrandom 
sequence of the poly U,C since it is easy to prove that for any (infinite) 
sequence 

ucc+ucu=uc=cu=cuc+cw 
The same result is obtained if leucine is given UUC and CCU and serine 
has CUU and UCC. 

Thus some discretion must be used in attributing all variations in 
abundance to nonrandomness of sequence. 

E. The Ochoa Triplets Assessed 
As the set of triplets proposed by Ochoa and his colleagues (Speyer 

et al., 1962b) has been widely quoted, I have undertaken the thankless 
task of trying to assess the probability of their correctness, using all the 
evidence availahle at the time of writing. I have considered only the 
triplets suggested by Ochoa, and not all those that more recent work 
has made equally plausible [for example, (ACC) for threonine]. I have 
assumed that the code is based entirely on triplets, and have not taken 
any serious note of the possibility of ambiguous codons. The triplets set 
out in Table III are classified under the headings “probable,” “possible,” 
and “doubtful,” but there are obviously borderline cases. 

Thus, the decision to consider (UGG)-Try as probable and (UGG)- 
Gly as possible is a marginal one. It has also been very difficult to decide 
what to accept for leucine. Nevertheless, the table may have some use, 
if only to produce a more critical attitude to the allocation of codons. 
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F. Polynucleotides Containing Unusual Bases 

A start has been made (Basilio et al., 1962) on the study of polymers 
containing bases other than the standard four. Thus a poly U,H incorpo- 
rates in a way very similar to a poly U,G, although the activity of the 

TABLE III 
THE OCHOA TRIPLETS ASSESSED 

Probable 

Phe uuu loo%* Certainly coded by U’s alone 
Codon msy be ambiguous 

Ser WJC) 25% N,’ Bc 
Pro WCC) 8% N, 13, certainly high in C 
JICU (UUA) 20% (N, JN 
TjT WJN 25% (N, W 
Val U-JUG) 20% N 
Leu (UUG) 12% N 
Try &xi 5% N 

Pcesible 

Ala KJCG) 3% N 
Arx O.JCG) 3% N 
AspN 
CYS 

WA.4 7% 
U-JUG) 25% N, observed only half expected incorporation (non- 

random sequence?) 

GlY 
LYE 
Met 

(UGG) 4% 0-U 
WAN 3% WI 
(IJGA) 4% (NJ 

Thr 
J&U 

(UAC) Q% 
UJUA) 14% 

Difficult to sssess 
(N, B) but amount leas than expected. Diicult to 

L&U WC) 20% (Nyrbut amount less than expected. Difficult to 
aesesa 

Doubtful 

ASP W-W 3% No evidence it has to contain U 
Glu WAG) 14% No evidence it has to contain U 
Hia WAC) 3% No evidence it has to contaln U 
GluN (UCG) d 0% No evidence at all from cell-free system 
AspN ([JAC) - No direct evidence for this 
Thr (UCC) 6% 1 by Gchoa. Results of N and B make it unlikely 

0 The percentages are taken from Table 2 of Speyer et al. (lQG2b). They show the 
incorporation, on a molar basis, compared with that of phenylalanine. 

* N = Nirenberg and colleagues without pnrentheses i= quantitative support 
c B = Bretscher and colleagues 1 with parentheses = observation confirmed 

d Guessed from mutagenic change in TMV protein. 
,, 88 
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former appeared to be rather less than that of the latter. That II acts 
like G has been confirmed by other groups (Nirenberg; Bretecher and 
Grunberg-Manago, both persona1 communications). No poly U,X has 
been synthesized, but the action of nitrous acid on poly U,G, which 
would be expected to turn G into X, drastically decreased the activity 
of the polymer. 

Both these results might have been expected from similar results 
obtained with the DNA polymerase and the RNA polymerase, and are 
broadly compatible with what is expected from considerations of base- 
pairing, though it has never been completely clear why xanthine always 
acts quite so badly. Preliminary work has also started on the synthesis 
of polymers that contain bases unable to form the standard base pairs 
(Lengyel, persona1 communication). 

Hsschemeyer and Rich (1962) have tested poly T (polyribothy- 
midylic acid) and found that it does not stimulate the incorporation of 
phenylalanine. They do not state whether they tested other amino acids. 
They surmise that this may be because poly T may form a multistranded 
helix with itself (Rich, unpublished observations). 

G. Summary 
At this point it may be useful to see what general conclusions can be 

drawn from the work on the cell-free system. The positive conclu- 
sions are: 

(1) The amino acid incorporation produced by any particular poiy- 
mer is quite characteristic, and, in general, different for poly- 
nucleotides of different composition, though it may not be 
completely specific, since some variation in incorporation is 
observed. 

(2) The four letters A, U, C, and G appear distinct in their meaning, 
since the incorporations produced by poly U, poly UC, poly 
U,A, and poly U,G are all quite different from each other. Thus, 
two-letter codes, such as one in which U = G and A = C, are 
eliminated. As might have been expected, however, H appears 
to act very like G. 

(3) The incorporation is unlikely to be a complete artifact, since 
biochemically it appears to require the same steps as genuine 
protein synthesis (involvement of sRNA and ribosomes the 
effects of inhibitors, etc.), and there is some correlation with the 
mutagenesis results (Section IV) and with Sucoka’s (196la,b) 
results on over-all composition (Section V,4). This is too good 
to be simply chance. 

(4) Assuming a triplet code, about one third of the codons sugeestcd 
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by Ochoa and his co-workers are likely to be right, and most of 
the rest may be correct, though evidence for several of them is 
inadequate (e.g., aspartic, glutamic, and histidine) . 

(5) The synthetic polynucleotides probably work more than once, 
that is, catalytically rather than stoichiometrically. 

The following negative results should be kept in mind: 

(1) It has yet to he shown by a direct method that the amino acids 
incorporated are in peptide linkage.* 

(2) The size of the polypeptide chains produced and their end groups 
have not, yet been determined. 

(3) The direction of the code is not, yet known; that is, it is not, 
known whether the end of the polynucleotide having a 3’ hy- 
droxyl corresponds to the amino or to the carboxyl end of the 
polypeptide chain.” 

(4) There is no direct biochemical evidence on the size of the codon. 
(5) The total number of codons standing for amino acids is not yet 

known even approximately. It seems likely that there are at 
least two codons for leucine. There is no convincing evidence to 
suggest that all codons must, contain U and fairly good evidence 
that some do not.’ 

(6) It is not, known which codons are nonsense, nor, even approxi- 
mately, how many there are of them, nor what the system does 
when it encounters such a codon. 

IV. Amino Acid Changes from a Single Mutation 

A. Experimental Data 
Many cases are known of species or strain differences in the amino 

acid sequence of a protein and it may well be that many of these differ- 
ences have been produced by the change of a single base of the nucleic 
acid. This, however, is a dangerous assumption to make at this stage, 
especially if the two proteins differ in a number of places along the 
polypeptide chain. 

The changes considered here are those in which the two sequences 
differ only in a single amino acid or can be considered to be very closely 
related biologically. Most of the data comes from the studies on either 
the protein of TMV or on human hemoglobin. 

The protein of TMV has been extensively studied by Wittmann 

* Sre Addendum 

TABLE IV 
AMINO ACID REPLACEMEN= OBSERVED IN TMV PROTEIN 

Change observed 

from to Peptide 

From HNO, 

Cases Author 

Ax 
-% 
Ax 
Aep+e 
AspN 
~PN 

Asp+ 
ASP 

ASP 
Asp+ 

CluN 

GIU 

Ileu 
Ileu 

Ileu 

La 

Pro 

Pro 
Pro 

Ser 
Scr 
Ser 

ser 
Ser 

Thr 
Thr 
Thr 

Thr 

Thr 

GIY 
GIY 
GUY 

Ser 
Scr 
Ser 

Gly 
GIY 

Ala 
Alfi 

Vnl 

Pbe 

Ser 

Len 
Lf!u 

I’hc 
I’hc 
I’he 

1.4x 
LeU 

Ileu 
Ileu 
Ileu 

Met 

ser 

III(61) 
1X(134) 
X(122) 

I 
VI(73) 
XI 

I 
IV 

I 
X 

I 

VIII(97) 

ICW 
X 

I 

I 

IV(63) 

I 
XII(I5G) 

I 
X1(138) 

XII 

I 
III(55) 

I 
III(59) 

X 

VIII 

1 
1 
1 

2+1 
1 
1 

2 
2 

4 
2 

2 

1+1 

1 
2 

1 

1 

3 

1+1 
1 

1 
3+2 

1 

1 
1 

2 
2 
4 

3 

2 

T’ 
T 
T 

Wd+T 
W  
W  

W  
W  

W  
T 

W  

w + T 

W  
W  

W  

W  

W  

w + 1 
1 

w 
w + ‘I’ 

1 

W  
W  

W  
W  
W  

w 

1 
-~ 
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TABLE IV (Confinued) 

Change observed 

from to Peptide’ Cases Author 

From spontnneous mutation 

Asp+ Ala I 2 W 

AspN Aw I 1 W 

AspN LYE XI 1 W 

Ileu Thr X 1 W 

LeU Phe I 1 W 

Ser Phe I 1 W 

From N-bromosuccinimide 

Arg 
Asp+ 
Asp+ 
Ileu 
Pro 

GlY II 1 T 

Scr I 3 T 

Ser 1 1 T 
Thr 1 1 T 

Leu I 4 T 

From dimethylsulfate 

1 T 

Pro Lou I 3 .I __- 
Scr Phe X1(138) 1 T 

a The romnn numerals indicate that the change is in a pa$cuiar tryptic peptide. 
The number in parentheses shows (where it is known) the posltlon on the polypeptide 
chain numbering from the amino end. The multiple chnuges observed by Tsugita have 
been bmitted as it, is suspected that they may have arisen from contamination. 

bT = ‘I-s&a (1962). 
‘ Asp+ st,arrtls for Asp or AspN. 
d W = Wittrnnnn (19G2). 

(1962) and Tsugita (1962). Most of the changes have +heen produced 
by nitrous acid, many of them in what appears to be a smgle step from 
the conxnon wild-type strain of TMV. Others have occurred “spon- 
taneously,” or have been produced by N-bromosuccinimide (NBSI) or 
by dimethylsulfate (DMS). They are listed in Table IV. The “spon- 
taneous” changes observed in “abnomal” human hemoglobins are listed 
in Table V. 

Two cautionary remarks should be made about such data. First, 
although a particular mutation may appear to have been made by a 
particular mutagen, one can never be completely certain of this, smce 
there is ,zlTyays a bnekground of spontaneous mutation ; in the work on 

TABLE V 
ALBINO ACID REPLACEMENTS IN HUMAN HEMOQLOBIN~ 

Position’ From To Name of hemoglobin 

u-chain 

16 LYE 
30 Glu 
57 GUY 
58 His 
68 AspN 

-4s~ 
GluN 
ASP 
Tyr 
LYE 

&chain 

6 Glu Val 
6 Glu 
7 

LYS 
Glu 

26 
GUY 

Glu 
63 

LYS 
His 

63 
TYr 

His 
67 

Ar6 
Val Glu 

121 Glu GluN 

n For references see Smith (1962a) or Peruts (1962). 
* The numbering is from the amino end. 

HbS 
Hb C 
Hb Gem ~oas 
HbE 
IIb %a~.toon 
Hb MZurioh 
HbM N U”.“kcs 
Hb D@ ruojab-Dy 

TMV, precautions have been taken to make this background as low as 
possible. Again, even if chemical studies have revealed the usual action 
of a mutagen, rarer side reactions cannot be ruled out. Tlnls it is unwise 
to put too much weight on changes (for example, Ileu + Met) that have 
only been ohser~d once. 

Second, it is important to realize that one is seeing mutations through 
a phenotypic screen. Only those changes producing a tolerably acceptable 
protein will be picked up, and many possible changes may be exI)ected 
to be lethal or sublethal. Again, the actual technique used may select 
only certain changes. All those observed so far in the human hemoglobin 
produce an alteration in charge and, indeed, most of them were originally 
detected by elcctrophoretic differences between the mutant and the wild- 
type protein. Nor is it surprising, for example, that for TMV protein no 
changes have been observed starting from either mcthionine or histitline, 
since those amino acids do not occur in the wild-type protein. 

Amino acid changes in the A protein of the tryptophnn synthetase of 
E. coli have been reported by Yanofsky and his collaborators (Yxnofsky 
et al., 1961; Helinski and Yanofsky, 1962). The changes so far published 
concern a glycine in the wild type that in one mutant (A-23) has hec~me 
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arginine and in another (A-46) has been replaced by glutamic acid. 
Both mutants were produced by ultraviolet light. Genetic studies have 
shown that A-23 and A-46 can -give wild recombinants, though at a low 
rate. This suggests that, the two mutants are altered in different bases 
in the same codon.” 

B. Mutagenic Patterns 
The main changes expected by the action of nitrous acid are: 

A-H-G 

since nitrous acid turns adenine into hypoxanthine, which is then ex- 
pected to pair in the same way as guanine. No effect would be expected 
on uracil, and the xanthine produced by the action of nitrous acid on 
guanine will either pair in the same way as guanine, or, more likely, be 
lethal. 

Assuming, then, that the two changes set out above are the only ones 
that can occur, it is possible to work out the pattern of changes produced 
by nitrous acid on the sixty-four triplets. A typical pattern is shown in 
Fig. 1. This figure contains all those triplets containing only U’s and C’s. 

ccc 

/I\ 
ecu ccjc UCC 

IXXI ’ 
cuu ucu 

A/J”” uuu 
Fla. 1. The changes expected to be produced by nitrous acid for eight of the 

sixty-four triplets. This figure is referred to in the text 88 a cube. The complete 
mutagenic pattern for all the sixty-four triplets consists of eight cubes (see Witt- 
mann, 1962, who calls them octets). 

It can be seen that the arrows can be placed to fall on the edges of a 
cube, with a triplet at each corner, and this pattern will therefore be 

* See Addendum. 
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called a cube. The sixty-four triplets fall onto eight distinct cubes, each 
having at the top a triplet containing only A’s and C’s and at the bottom 
a triplet having only U’s and G’s. 

The corresponding pattern for a doublet code is the diamond, shown 
in Fig. 2. The sixteen doublets fall onto four distinct diamonds. Notice 
that if we consider the class of all the transitions (that is changes of one 

cc 

Fm. 2. The changes expected to be produced by nitrous acid for four of the 
sixteen doublets. This figure is referred to in the text aa a diamond. The complete 
mutagenic pattern for all sixteen doublets consists of four diamonds. 

purine for another purine, or one pyrimidine for another pyrimidine) 
we get, exactly the same patterns except that the arrows now run in 
both directions, since the transitions are: 

c++u 
A-G 

We now consider the class of nondegenerate codes. Then it is easy to 
see that it is impossible to produce a triangle by transitions alone. The 
only way to obtain a triangle is to have the situation: 

AXY 
/ \ 

BXY --CXY 

which is only possible if we have one transition and t.wo transversions. 
Since nitrous acid is believed to produce only transitions, one should not 
obtain a triangle from a nondegenerate code with nitrous acid. 

The importance of mutagenic patterns becomes apparent when one 
studies codes that, are logically degenerate, since the pattern expcctcd 
is independent of the allocation of triplets to amino acids. Thus, pro- 
vided only one set of triplets is given to each amino acid, the mutagenic 
pattern for transitions for the code proposed by Woese (1962) can easily 
be shown to consist, of two cubes and two diamonds. No triangles can 
occur. 
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Again, this is just what we expect. Incident.ally, this strongly sug- 
gests that the actual RNA strand of TMV (and not its complement) 
acts as messenger RNA, in line with the experiments of Tsugita et al. 
(1962) on the synthesis of TMV protein in the cell-free system. 

Next we see which arrows can be accounted for by any change of 
a single base. This is possible for all the changes except AspN+ Ser 
and even this is possible if we allow AspN to be (UAC) . However whed 
we allow only the changes expected of nitrous acid (A + G C > U) 
we find that only eight arrows fit (leaving aside GluN + Val ahich wai 
deduced from this evidence and not, from data on the cell-fr;e system), 
whereas seven arrows do not. In other words, the detailed agreement, is 
rather poor. We must conclude either that nitrous acid often does not 
act as expected or that the Ochoa triplets are inadequate to explain the 
mutagenesis. Of course the situation can be improved by invoking other 
triplets, such as (UAC) for AspN and (UCC) 
SO forth, but it is difficult to know where to stop. 

and (UCG) for Ser, and 

The changes observed in human hemoglobin are set out in a similar 
way in Fig. 4. Again, if we allow AspN to be (UCA) all the arrows 

C. Interpretation 
The combined results for all the nitrous acid mutants of TMV are 

shown in Fig. 3. It is striking that in no case do we have an arrow 

VALhJGU) 

(UGC) ALA + 2- - ASP(UAG) ARG(UCG) CLU(UGA) 

cLY(UGC) 

FIG. 3. The amino acid replacements observed in TMV protein after nitrous 
acid treatment. The numbers show the number of occurrences. The triplets are those 
proposed by Lcngyel et al. (1062). Solid arrows show agreement with the expected 
changes, dotted arrows disagreement. 

running in both directions between two amino acids. If we have the 
change A + B, then the change B + A is not observed. This is exactly 
what we expect if the code is nondegeneratc and if nitrous acid acts as 
expected. 

It will he noticed that leucine occupies two places in the figure. 
Otherwise, one obtains a triangle for the changes between prolinc, serine, 
and lcucine. We also have a triangle for threonine, isoleucine, and 

methionine, but the change Ileu + Met has only been observed once. 
We must now compare the results with Ochoa’s triplets obtained 

from the cell-free system. To facilitate this the amino acids have been 
placed on three lines, the top line having amino acids whose triplets 
contain AA, AC, or CC, the second line those with one A or one C, and 
the bottom line for those with neither. Leucine has been .put in two 
places one corresponding to (UUC) and one to (UUG). It IS seen that 
all th; arrows run downwards, except for two that are horizontal. No 
arrow runs upwards. 

Fm. 4. The amino acid replaccmcnts observed in human hemoglobin. The num- 
hers show the number of occurrences. The triplets are those pr~poscd by Lengye] 
cl al. (1962). 

correspond to the change of only one base in the Ochoa triplets. How- 
ever, it should be remembered that the evidence from the cell-free system 
for the triplets for Glu, Asp, and His is very weak, and for GluN is 
nonexistent. 

My own view is that the general agreement between the mutational 
changes and the results of the cell-free system shows convincingly that 
the cell-free system is not a complete artifact, and is related to genuine 
protein synthesis. The detailed disagreement suggests that the present 
allocation of triplets is only partly correct. 
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V. Further Experimental Evidence 

A. Over-all Composition of Protein and DNA 
One of the major dilemmas in the coding problem has been the wide 

range of DNA base composition observed, especially for microorganisms 
(Lee et al., 1956; Belozersky and Spirin, 1958). The content of G + C 
goes from 72% for Micrococcus lysodeikticw to 35% for Bacillus cereus, 
and as low as 25% for strains of Tetrahymenu pyrijormis. Moreover, 
the distribution of base-composition of the DNA “molecules” of any one 
organism is generally a rather narrow unimodal one (Sueoka et al., 

1959. Rolfe and Meselson, 1959). It was expected, on general grounds, 
that )the proteins of these organisms would not differ enormously in amino 
acid composition, and this has indeed been shown to be the case by 
Sueoka (i961a,b). 

Sueoka has studied the over-all amino acid composition of the pro- 
teins of about twenty microorganisms. Cell wall material was discarded 
but ribosomes were included. However, Sueoka showed that for most 
amino acids the results were not very sensitive to the conditions of 
growth, suggesting that bias from some proteins being common while 
others are rare was not too great. If the ribosomes are removed, the 
composition of the rest of the soluble proteins shows the same correla- 
tions with DNA composition, although the absolute content of the basic 
amino acids is less (Sueoka, personal communication). 

Sueoka reported results for all fifteen amino acids (tryptophan was 
not measured) and for (Glu + GluN) and (Asp + AspN). By and large 
the amounts found did not vary too much from one organism to another, 
but for certain amino acids he found a strong trend with DNA base 
composition. Thus there was usually about twice as much alanine in an 
organism with a DNA having 72% G + C compared with one having 
only 25% G + C. 

His results can be classified according to their correlation with 
G + C content as follows: 

-- Jleu, Tyr, Lye, Phe 

IIiS 

0 Thr, Leu, Val 

+ Cly, Pro 

+t Ala, Arg 

This is not quite the same classification as given by Sue&a (1961a). I have used 
as a criterion the slope divided by the mean value. On this scale (Glu + GluN) 
nnd (Asi1 $ AspN) would be -. 1 have not included methionine (which would 
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nominally be - - or -) because, unlike the other amino acids, the results are 
very variable and show little real correlation with base composition. 

Too much importance should not be given to this data and especially 
to the exact shape of the curves. The protein sample may be biased and 
the DNA base sequence is certainly not completely random. Neverthe- 
less, as Sueoka points out, the correlations do support the idea that the 
code is rather similar for all organisms, although one wonders about the 
results for methionine. They also make a nondegenerate triplet code 
appear unlikely, but are compatible with various degenerate triplet codes, 
or with a predominantly doublet code (Sueoka, 1961a). 

TABLE VI 
COMPARISON OF SKIEOKA’S RESULTS WITH THE OCHOA TRIPLETSO 

-- 

- 

0 

t 

tt 

Phe 
Tyr 
Ileu 
LYS 

HiS 
Ser 

Thr 
LeU 

Val 

GUY 
Pro 

Ala 

W)UU 
(WUA 
(U)IJA 
(IJ)AA 

UAC 
uuc 

(rJ)AC 
(rJ)lJC 
KJ)UG 
0J)UG 

IJGC 
ucc 

([J)CG 
Aw (lJ)CG 

D The signs in the first column show the correlation found by Sucoka (1961s) with 
G + C content of the DNA. The triplets are those suggest,cd by Lcngyel el al. (Iwx). 
The triplets UUA for leucine and UCC for threonine have been omitted. 

It is interesting to compare the slopes found with the set of triplets 
suggested by Ochoa and co-workers. This is done in Table VI. It is seen 
that excellent agreement is reached if one is allowed to discard one U 
or not at will. 

B. The Fractionation of sRNA 
The fractionation of sRNA is important for several reasons. First 

it may help to decide how degenerate the code is. Second, it is likely td 
prove a most useful tool for identifying codons and for comparing them 
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in different proteins, and in particular in deciding just how close the 
code is to being universal. 

It is not proposed to review here all the work on the fractionation and 
characterization of sRNA, and consideration is restricted to two cases. 
Ilolley and his collaborators (Doctor et al., 1961) fractionated yeast 
sRNA by countercurrent distribution and find two peaks for leucine 
activity and a double peak for threonine. The peaks for alanine, valine, 
tryptophan, and tyrosine appear single, though of course each may 
consist of a mixture of species. This enabled Weisblum et al. (1962) to 
perform a very significant experiment. They tested, in the cell-free sys- 
tem, the two leucine fractions separately against poly U,G and poly UC, 
both of which stimulate the incorporation of leucine, and find that one 
of the sRNA fractions, when loaded with radioactive leucine, incorpo- 
rates only with one of these polymers, and the other fraction only with 
the other polymer. In brief, there appears to be one leucine sRNA 
for (UUG) and another for (UUC). This is really the first strong evi- 
dence for degeneracy, although Berg et ~2. (1962) have also shown 
chemically that the leucyl sRNA of E. coli is of at least two different 
types. The obvious next experiment is to use the two sRNA fractions, 
one labeled and the other unlabeled, for synthesis of a definite protein 
such as hemoglobin, and to show that one sRNA puts radioactive leucine 
only into certain places in the amino acid sequence and not into others. 

Sueoka and Yamane have also fractionated sRNA, this time from 
E. co& using the more rapid and convenient method of the Lerman- 
Hershey column (Sueoka and Yamane, 1962). They observed what 
appear to be multiple peaks for isoleucine, histidine, glutamic acid, 
leucine, tryptophan, serine, and valine, and possibly for arginine and 
threonine. The profiles for alanine, glycine, aspartic acid, lysine, methio- 
nine, phenylalanine, and tyrosine are not unlike single peaks, though, 
once again, these peaks may be more heterogeneous than they appear. 
So far it has not been proved that these multiple peaks, as in the leucine 
case, are genuine evidence of degeneracy, but it is not unreasonable to 
expect that some of them are. It is far more difficult to estimate from 
the available data the total number of different types of sRNA, and this 
must be left to further attempts at fractionation. 

By studying the attachment of the amino acid to the sRNA, Berg 
et al. (1961) showed that there are in E. coli two distinguishable ac- 
ceptors for methionine, since an enzyme prepared from yeast attaches 
methionine to only one of them. Other workers have studied the inter- 
action between the sRNA from one species and activating enzyme from 
another, and find that in some cases the foreign enzyme works equally 
well and in others less well or not at all (Rendi and Ochoa, 1961; Benzer 
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and Weisblum, 1961). However, if there are two distinct sites on the 
sRNA, one for interaction with the activating enzyme and one for base- 
pairing with the template, we expect, for evolutionary reasons, results 
similar to those reported, even if the code were universal. This evidence 
by itself does not prove that the code is not universal. Nor without 
further experiments can it be assumed that, for example, the two species 
of methionine sRNA (mentioned above) each code for different codons, 
though this may well turn out to be the case. 

C. The RNA of the Ribosomes 
It has been assumed in this paper that the template for protein 

synthesis is a special RNA whose composition and sequence follows that 
of one chain (or, less likely, both chains) of the DNA of the cell, and 
that the rRNA, which accounts for most of the RNA of the cell, is inert 
and does not act as a template for protein synthesis. 

Such a view can always be questioned until such a time as the tem- 
plate for the synthesis of specific proteins is clearly identified, and 
indeed until some reasonable function is found for the rRNA. It should 
be noted, however, that, whereas viral RNA and even random poly 
A,U,C,G, when added to the cell-free system, stimulate amino acid 
incorporation, the addition of pure rRNA has little or no effect. It is not 
known whether this is because the rRNA has been damaged, because 
of its secondary structure, or because it contains many nonsense codons. 

The base composition of rRNA, which is relatively constant through- 
out nature, though possibly slightly correlated with the DNA base com- 
position, has an unusual feature that has been remarked on by Roberts 
.(1962). It is somewhat similar to the base composition deduced from 
the over-all amino acid composition of the proteins of the cell, translated 
using the “doublet” code of Roberts, which can be loosely described as 
the Ochoa triplets with one U removed from each. Woese (1962) has 
made a similar observation in relation to the code proposed by him. 

The reason for this coincidence is obscure. Of course, if the rRNA 
were really a specific store for activated amino acids, and if the code 
were a triplet code of the XY. type, we might expect this, but, attractive 
though the idea is, present evidence does little to support it. This problem 
must be left for the future. 

D. Genetic Information 
It has yet to be shown that the gene and the protein it specifies arc 

colinear. It would be surprising if they were not, and experimental proof 
may not be far away. Meanwhile, there arc two proteins for which it 
has been demonstrated that mutants near one another on the genetic> 
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map produce changes close to one another in the amino acid sequence. 
The first is the alkaline phosphatase of E. coli studied by Rothman, 
Levinthal, and Garen, and briefly reported by Rothman (1961). The 
other which is better documented, is the A protein of tryptophan syn- 
thetaHe of E. coli studied by Yanofsky and his collaborators (Helinski 
and Yanofsky, 1962; Henning and Yanofsky, 1962a). So far no case has 
been reported that shows good evidence against colinearity, that is, in 
which mutants near together on the genetic map produce changes far 
apart in the polypeptide chain, or vice versa. 

Much evidence has accumulated, especially from the study of the 
~11 locus of phage T4, on the effect of different mutagens in both the 
forward and reverse directions, on the characterization of nonsense muta- 
tion, on the effect of Mluorouracil in producing phenotypic suppression 
of certain mutants (Champe and Benzer, 1962), and on similar effects 
produced by suppressor mutants in other genes [ambivalent mutants- 
Benzer and Champe (1961)]. The last phenomenon has also been studied 
using the tryptophan synthetase and alkaline phosphatase of E. coli 
(Yanofsky et al., 1961). 

This work will not be reviewed here in detail as it would take too 
much space to describe it adequately and the conclusions, though sug- 
gestive, will necessarily be rather uncertain until supported by biochemi- 
cal studies. However, it should be mentioned that there is evidence that 
some nonsense codons exist, indicating that the code is unlikely to be 
completely degenerate, and that a codon of a gene can be nonsense in one 
host and to some extent sense in another (Benzer and Champe, 1962; 
Garen and Siddiqi, 1962). This suggests that the code is not completely 
universal, though it is not easy to see in exactly what way. 

VI. Is the Code Degenerate? 

A. The Experimental Evidence 
The evidence that the code is degenerate is of two types, direct and 

indirect, and, with one exception, none of it is satisfactory. 
The direct evidence comes from the cell-free system. It has been 

claimed that leucine is represented by (UUC), (UUA), and (UUG). In 
view of the incorporation of leucine by poly U, this evidence by itself 
is not very convincing. However, the demonstration (mentioned briefly 
in Section V,B) that one fraction of sRNA appears to code for (UUG) 
and the other for (UUC) does suggest that in this case the degeneracy 
is real. 

The original claim that threonine is represented by (UCC) seems 
unlikely to be correct, but it may perhaps be represented hy (UAC) 

. 
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and (ACC). Other claims, such as (UAA) and (UAC) for asparagine, 
are not properly established. In fact, the use of polymers of known com- 
position but (presumably) random sequence makes it difficult to discover 
if more than one triplet in the polymer is representing a given amino acid. 

There is, however, indirect evidence for degeneracy from these experi- 
ments, but this involves assumptions about what the system will do when 
it comes to a nonsense triplet. Consider the case of polymers containing 
only U and C. There is general agreement that such polymers incorporate 
only proline, serine, leucine, and phenylalanine and that the relative 
amounts, for polymers of widely different ratios of U to C, are compati- 
ble with the triplets: 

NJCC) Pro 
WJC) SW, I&u 
uuu Phe 

although there is some doubt about the exact amount of leucine and a 
small, somewhat variable, amount of threoninc is also incorporated. 
There are, of course, in a random polymer of U and C eight different 
triplets, so with the above scheme half the triplets would be unaccounted 
for. One might expect that in such a situation either the polymer would 
not work as messenger, or the average length of polypeptide chain 
produced would be only two or three residues long. A more palatable 
alternative is that all eight triplets are used, as follows: 

ccc Pro 
(IJCC) Pro, SW, Im 
([JUC) Ser, Leu, Phe 
UUU Phe 

It will he seen that the relative amounts incorporated in this scheme will 
be just the same as for the previous one (represented here by the alloca- 
tions in italics), so one cannot distinguish between them in this way. 
The usual argument against the double allocation is that it makes CCC 
stand for proline, whereas poly C incorporates no amino acids, apart 
from a t.race of proline. The counterargument to this (as discussed 
earlier) is that poly C probably has some (unknown) secondary struc- 
ture at neutral pH-in any case, solutions of it are very viscous-and 
that it is this secondary structure that prevents the incorporation. In 
favor of this view is the fact that polymers with a lot of C and a little 
U, or a little A, work rather well and incorporate a lot of proline. This 
would be unlikely, it is argued, if CCC represented nonsense; on the 
other hand, the small amounts of either U or A could easily break up 
the secondary structure. 
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The matter is clearly an important one, and turns on the behavior 
of the system when confronted with a nonsense triplet and on the sec- 
ondary structure of the various polymers, both of which at this stage 
are unknown. 

The other ibdirect evidence is of two main kinds. There is, first, the 
genetic argument from the work of Crick et al. (1961) on the acridine 
mutants of the rI1 locus. As stated earlier, a combination (+ -) will 
work satisfactorily provided the two mutant sites are not too far apart. 
If, however, they are widely separated, such a combination has the 
mutant phenotype. It was postulated that this happens because in 
certain places the shift of reading frame produces an “unacceptable” 
triplet, possibly a nonsense triplet. The position of such triplets depends 
upon whether the + is on the left or the right of the -, as theory 
would suggest. More recent work on the same system (Shulman, personal 
communication) shows that such an unacceptable site can be made 
“acceptable” by base-analog mutagens, and enables the position of these 
sites to be mapped. 

A very rough calculation suggests that such unacceptable triplets 
are not too cotnmon, or it would not be possible to make (+ -) com- 
binations unless the two mutations were very close together. It is thus 
surmised that nonsense triplets are rare, and thus that the code is highly 
degenerate. However, this assumes that all nonsense triplets prevent 
the production of nny part of the polypeptide chain. It may be that this 
is only true of some of them, which we may call “absolute nonsense,” 
whereas others, while not stnnding for an amino acid, may allow part of 
the polypeptide chain to be produced. For mutants in this region of the 
B cistron, such a truncated protein might well be active. If this were so, 
then the data would merely show that absolute nonsense is rare and 
would not tell us how degenerate the code is. 

Thus the whole argument for high dcgcnerncy is rather indirect and 
involves too many assumptions to be accepted with confidence, although 
it may well be correct. 

The second type of indirect evidence for degeneracy is the wide range 
of DNA base composition found compared with the rather small range 
of amino acid composition (see Section V,A). This is most easily ex- 
plained by certain types of degenerate code, but alternative explanations 
are not completely eliminated. For example, n large part of the DNA 
might involve control mechanisms and thus be irrelevant for coding. 

Paradoxically, if each of the twenty atnino acids were represented 
hy a triplet containing urncil, as proposed by Ochoa and his colleagues, 
this would be rather good evidence for degeneracy. It seems highly 
unlikely that all messenger RNA contains large amounts of uracil (Char- 

gaff, 1962; Reichmann et al., 1962). Th e natural way out of this dilemma 
is to assume that the triplets so far allocated are only a fraction of the 
codons actually used. 

On the other hand, evidence suggesting that the code is completely 
nondegenerate is rather slender and is contradicted by the data on 
leucine. Certainly the evidence from the cell-free system, either published 
or implied in discussion, does not support it. Moreover, the impression 
given that all polymers without uracil have been tried and have failed 
to work is misleading, and there are other reasons, such as secondary 
structure, that might explain why certain polymers do not work. The 
advancement, at this time, of a completely nondegenerate universal trip- 
let code would require much special pleading. 

B. Possible Types of Degeneracy 
Although it seems unlikely that the code is nondegenerate the nature 

and the amount of the degeneracy is unclear. However, if it is highly 
degenerate, it does not seem probable that it is so at random. To con- 
struct a randomly degenerate triplet code, imagine that all the sixty-follr 
triplets were put in a box and then drawn out at random giving e vu. 

iv, five to leucine, two to methionine, etc. The main reason against a’ ccl- 
m-k! of this type, apart from its inherent inplausibility, is that the mutations 

produced by nitrous acid do not seem to vary sufficiently. It seems more 
plausible that the triplets for any particular amino acid will be rather 
alike. This can be formally stated as follows. We call two triplets 
“connected” when one can be changed into the other by altering one base 
only. Then the expectation is that all the triplets for, say, lcucine will be 
connected, as for example: 

cut 
cvu-ecu I 
GUU 

A connected code has the property that the amino acid changes pro- 
duced by the alteration of a single base are usually somewhat fewer than 
for a random code, since some base alterations will leave the amino acid 
unchanged. Moreover, it is easy to invent ways in which such a code 
could have evolved. 

A special subclass of the connected codes is of particular interest, 
This is those codes that are logically degenerate; that is, for which the 
pattern of degeneracy is given by a simple rule, as in the code suggested 
by Wocse (1962) (Section VI&D). (Actually a code can be logically 
degenerate without being connected in the nbove sense; for eXamrJle, the 
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combination code of Gamow and Yeas, 1955.) Certain logically degen- 
erate codes, such as Woese’s code, reduce very considerably the changes 
expected from a mutagen such as nitrous acid. Whatever the reason, 
the changes so far observed to arise from mutation, produced either by 
nitrous acid or otherwise, appear to be of rather few kinds, though how 
much the present sample is biased it is almost impossible to say. In fact, 
tnany of the changes can be roughly fitted to a doublet code that is also 
compatible with the data from the cell-free system (Roberts, 1962). A 
pure doublet code only provides sixteen codons, and does not, allow a 
wide range of alternative base-ratios for the same message. But it does 
suggest that if the code is really a pure triplet code its degeneracy makes 
it look at times more like a doublet one. 

C. Degeneracy and the sRNA 
At first sight it might be thought impossible to construct a triplet 

code which was highly degenerate using only one molecule of sRNA 
(with only one recognition site) for each amino acid. This can easily be 
done, however, if some molecules of sRNA recognize only two bases of a 
triplet and are indifferent to the third, although the reading of the base 
sequence moves on three bases at each step. Such a limited recognition 
can be symbolized by XY * , where the dot indicates that any of the four 
bases can occur at that position. Naturally, it is only possible to code a 
maximum of sixteen sets in this way. However, if some molecules of 
sRNA recognize all three bases, then one easily obtains enough codons. 
Suppose, for example, that we have six of the amino acids coded by 

AAG, MU, AAC, GGA, GGU, and GGC 

(one for each), with AAA and GGG as spaces, and suppose that all the 
others (except for AA and GG) are of the form XY-, giving fourteen 
further amino acids, making twenty in all. Such a code need have only 
one sRNA for each amino acid, yet it is highly degenerate (all triplets 
stand for amino acids except AAA and GGG) and compatible with a 
fairly large range of DNA base compositions, since the composition of 
the third base in the triplet can be freely adjusted in many cases. 

I do not feel this code is correct, but it illustrates the point that there 
may be fewer sRNA molecules than one might surmise at first sight. 
Moreover, it would not be surprising if the actual code had something of 
this character. It bears obvious resemblances te the code suggested by 
Roberts (1962), except that it is strictly a triplet code and not a mixture 
of triplets and doublets (i.e., the coding ratio = 3, and not between 2 
and 3 as in Roberts’ code). It should be noted that a mixture of codons 
of the type XY- with some of the type X-Y is likely to lead to ambig- 

D. Summary 
We 

(1) 

(2) 

(3) 

can summarize the evidence on degeneracy as follows: 

It seems highly unlikely that the code is completely nondegen- 
erate. This is contradicted both by data from the cell-free system 
and from the TMV nitrous acid mutants. 
The amount of degeneracy may be small, i.e., perhaps thirty or 
fewer of the sixty-four possible triplets may stand for amino 
acids. The evidence from the cell-free system, the amino acid 
replacement data, and the fractionation of sRNA, could all, at 
the moment, be compatible with this. 
The amount of degeneracy may be very much higher.* This is 
suggested by the wide range of DNA composition and by the , . . . . - . 
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uous triplets. As discussed in Section VI&D, one interpretation of Woese’s 
code also calls for only one sRNA molecule per amino acid, but in his 
case this would imply that the sRNA did not always use the usual base 
pairs to recognize the template RNA, whereas in the above scheme the 
standard pairs can be used throughout. 

genetic StUdteS. It is not contradicted by the more direct evidence, 
’ though this suggests that if the code is highly degenerate it is 
unlikely to be degenerate at random. 

I favor the third alternative. 

VII. Theoretical Matters 

A. The Order of Bases within a Codon 
It is obvious that the study of polynucleotides of random sequences 

can lead only ta the composition of the codon and not to the order of 
the bases within a codon. However, it was realized at a very early stage 
that the amino acid changes observed in one-step mutation could provide 
some information on the relative order within different codons, though 
not on the absolute order. We could arbitrarily call the three positions 
within a triplet the a, b, and c positions, and describe all the triplets in 
this same way (that the a position in one corresponded to the a position 
in all the others, etc.), and leave to further study the problem of the 
actual order of the a, b, and c positions on the polynucleotide chain, for 
which there are obviously six alternatives. 

Most workers on the coding problem have made preliminary attempts 
along these lines for their own private use but only a few authors have 

* See Addendum. 
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published them. Zubay and Quastler (1962) sought to deduce the code 
from amino acid replacements alone, using a method that involved 
obtaining, by an unspecified technique, a rather poor fit to some doubtful 
data, They assumed that the code was nondegenerate (which is unlikely), 
and that aspartic acid was equivalent to asparagine and glutamic acid 
to glutamine. The latter assumption was later supported by the paper 
by Zubay (1962) mentioned in Section I$. It su5ces to say, for example, 
that their (nondegenerate) assignment of UUA to Glu and UGG to Ser 
can only be reconciled with the results from the cell-free system by 
rather special pleading. 

Two other attempts, by Smith and by Jukes, proceeded on more 
obvious lines. In both cases, the assignments are based on the triplets 
suggested by Ochoa and his colleagues. At the time that Smith was 
working on his first paper (Smith, 1962a), codons had been proposed for 

.only fourteen amino acids. On the tacit assumption that the code was 
nondegenerate, he was able to deduce the codons for four others from 
the amino acid replacement data. These were subsequently confirmed by 
Speyer et al. (1962b) but the evidence for three of them can only be 
classified as doubtful (see Table III). In a second paper, Smith (1962b) 
produced ordered codons for all twenty amino acids, the only ambiguities 
being for Cys and Try. He pointed out that “the assumption of degen- 
eracy . . . is unnecessary to explain the amino acid substitutions in 
proteins already presented. ” He continued, “There are, however, certain 
exceptions,” which he mentioned. However, he did not explain why, if 
the code were nondegenerate, he should ignore these mutations and not 
others; or that if additional codons are necessary, this would make his 
whole method uncertain. The paper includes a discussion of why all 
codons contain U, a fact neither supported by the experimental evidence 
nor likely on general grounds. 

Jukes (1962a) based his first code partly on a quite unlikely set 
of assumptions about a pair of amino acid changes in &lactoglobulin, 
which were shortly afterwards shown to be incorrect. A second attempt 
(Jukes, 1962b) proceeded on now familiar lines, being based on the 
Ochoa triplets, but allowing a small amount of degeneracy. His assign- 
ments, as might be expected, are not the same as Smith’s but are not 
completely dissimilar, having most of the triplets in common. This is 
not surprising, since they were based on almost identical data and 
assumptions. 

It is clear that these attempts were premature. Apart from the fact 
that many of the triplets on which they are based are not firmly estab- 
lished the method can only work if the composition of all (or almost all) 
codon; is known, at least for the amino acids being considered. Even 

then, it must he used with discretion, since it is unlikely that all the 
amino acid replacements observed will fit (a few may involve a change 
of more than one base), and it must be shown that only one solution fits 
the data very well and that all other solutions fit very poorly. 

Nevertheless, it is worth noting that a tolerable fit is obtained even 
with the present data. The basic reason for this is that, as pointed out . . earher in. Section V&B, one can construct a doublet code that is com- 
patlble with much of the data from the cell-free system and from amino 
acid replacements (Roberts, 1962), provided one ignores the way nitrous 
acid is expected to act. My own belief is that this amount of agreement 
is possible not because the code consists mainly of doublets but because 
the triplets are not degenerate at random, and because the replacement 
data, especially for hemoglobin, is at the moment rather limited. 

8. Ambiguous Codons 
The incorporation of some leucine, in addition to phenylalanine by 

poly U, mentioned earlier in Section III,B, suggests that ambigious 
codons may exist. The evidence so far presented could be explained as 
an artifact of the cell-free system, or an effect peculiar to a few strains 
though preliminary experiments show a similar effect in a cell-frel 
system from rabbit reticulocytes (Amstein, personal communication). 

There does not seem, unfortunately, any good theoretical reason why 
it should not be a universal property of the code, provided ambiguity 
were restricted for a few codons. An ambiguous codon would then be 
like a weak form of nonsense, or double-talk. Occasionally we should 
expect to find a single gene producing two amino acid sequences (differ- 
ing by one amino acid), though natural selection might make this a rare 
occurrence in wild-type proteins. 

There is not likely to be much enthusiasm for this idea but it should 
not be lost sight of. Theoretically it can be shown that if all amino acids 
are represented by either XY., X*Y, or *XY then one can code up to 
twenty-four different things and still allow each of them to have two 
1Lnambiguous triplets (Crick and Watts-Tohin, unpublished). On the 
present evidence, however, such a code seems unlikely, 

C. Unlikely Codes 
Although the number of firmly established facts is rather small they 

are enough to make several codes very improbable. 

1. THE COMMA-LESS CODE (Crick et al., 19571 

There are many members of this family of codes but tltcy all have in 
common the fact that, of the three cyclic permutations of any codon, 
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only one should be sense and two nonsense. Thus the “probable” results 
from the cell-free system (Table III) eliminate comma-less codes. Sev- 
eral other less direct arguments can also be made against them. 

2. THE COMBINATION CODE (Gamow and Yeas, 1955) 
In this code all the permutations of any triplet stand for the same 

amino acid. Thus GUU is the same amino acid as UGU and UUG. Again 
the results from the cell-free system make this unlikely. 

3. TRANBPOSABLE TEIPLET CODES 

There are several types to be considered. The “transposition” is the 
complementary triplet on the other chain of the DNA, read in the oppo- 
site direction. For example, the transposition of UCG is CGA. One old 
favorite is that both the triplet and its transposition stand for the same 
amino acid. Another suggestion is that, if a triplet is sense, then its 
transposition is nonsense. In other versions, the complementary sequence 
is read in the same direction, i.e., UCG and AGC are considered a pair. 

None of these codes seem very likely, if only because they restrict the 
variation one can obtain, by degeneracy, in the base composition of the 
DNA. However, they might be disproved if we had more definite data 
from the cell-free system. In particular, the number of different amino 
acids coded by (UUA) and (UAA) should not exceed three. Table III 
suggests that four or five amino acids may be coded in this way, but 
only two of these triplets are classed as “probable,” so that the matter 
must remain open for the time being. Another possible group to consider 
is (UGG) plus (CCA).” 

4. TWO-I;ETTER CODES 

In these codes, the bases were put into two groups. Thus, it was sug- 
gested (Sinsheimer, 1959) that the two letters were 6-keto (G = U) and 
g-amino (A = C). As already stated, the whole character of the results 
from the cell-free system make all such codes unlikely. 

5. PARTLY OVERLAPPING CODES 

It has been pointed out by Wall (1962) that partly overlapping codes 
are not completely eliminated by the present data. He considers various 
possibilities and proposes, in particular, a code having a codon size of 4, 
but a coding ratio of 3, so that the first and last base of each codon are 
shared with the two adjacent codons. He further suggests that perhaps 

*See Addendum. 

only U and G may occur in these positions, although all four bases are 
allowed in the two middle places of the codon. Wall rightly points out 
that the results of Crick et al. (1961) show that it is the coding ratio 
(and not the size of the codon) that is likely to be 3 and are thus in this 
respect compatible with his suggestion. Moreover, although the code is 
partly overlapping, nitrous acid would not produce changes in two 
adjacent amino acids, as neither A nor C is shared by two adjacent 
codons. In fact the only changes that would alter two adjacent amino 
acids are G + U or U + G, and if such transversions were not too com- 
mon they might not have been picked up in, say, the abnormal hemo- 
globin, especially if the number of possible alterations were reduced by 
systematic degeneracy. He also argues that double changes might be 
lethal more often than single changes, as they may cause more damage 
to the structure of the protein. For all these reasons the present data on 
amino acid substitutions is certainly not incompatible with such a code. 

However, the distance apart of the double or triple mutants observed 
by Crick et al. (1961) to have the wild phenotype is not easily com- 
patible with his code, since the deletion or addition of a base would be 
expected to lead to a nonsense codon in many cases. The fact that a poly 
C,A appears to act as a messenger is also against this particular form 
of his code, since all templates should contain either U or G or both. 
Nor can it be said that there are any strong arguments in favor of his 
code. Nevertheless, it remains a possibility that should be kept in mind. 

D. Woese’s Code 
The balance of evidence suggests that the code is highly degenerate 

but not degenerate at random. A code of this type, which is also logically 
degenerate, has been put forward on a detailed basis by Woese (1962). 
He assumed the code was of the nonoverlapping triplet type, and that it 
should be degenerate in such a way as to account for the large range of 
DNA base-ratios. He considered codes in which the degeneracy is caused 
by equating certain bases, depending upon whether the first, second, or 
third letter of the triplet is being considered. As we have seen from the 
results on the cell-free system, the four bases are distinct, but it does not 
follow that they are distinct in all three positions. Such a code gives 
a X b X c different sets of triplets, where o, b, and c are integers < 4. 
The smallest number greater than 21 obtained in this way is 2 X 3 X 4 
= 24. (The next smallest is 3 X 3 X 3 = 27.) That is, there should be 
one position in the codon with two alternatives, another with three, and 
at the third all four bases should be distinct. The code he chose can be 
symbolized as: 
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r u A=C c=ul 

I 
c G=U A 
A G I 

-4X2X3 

Ib 1 
1st 2nd 3rd 

poaition 

and Woesc pointed out that there could be a structural basis to this. The 
degeneracy in the second position is obtained by having as the two 
alternatives 6-amino (A or C) or 6-keto (G or U), and in the thrrd 
position the two pyrimidines, U and C, both have a keto group at the 
same place. 

There is, however, no compelling reason why this particular choice should be 
made. There are forty-two distinct codes of the type 2 X 3 X 4, not including 
permutations of the order of the letters, and many of these could be given some 
structural justification. However, if one is restricted to codes allowing a large varia- 
tion of DNA base composition and predicting, for example, that poly U,C will 
incorporate just four amino acids (rather than two or eight), there are only eighteen 
codes that need be considered. It is not clear at the moment that any of these 
codes have any clear advantage over the one proposed by Woese, and they are net 
considered further here. No codes of this type give a mutagenic pattern for transi- 
tions containing triangles unless one amino acid is allotted to more than one of the 
twenty-four sets of triplets. 

Having by his rule allocated the sixty-four triplets to twenty-four 
distinct sets, Woese proceeded to determine which amino acid went with 
which set of triplets, using as a guide the triplets suggested by Ochoa 
and some of the amino acid replacement data. The solution he proposed 
is set out in Table VII. In judging Woese’s code, one must realize that 
some of the data he used to derive it may have been misleading and that 
other allocations are not ruled out. He was able to fit most of the triplets 
suggested by Ochoa, except that he could not include both cysteine and 
tryptophan, but only one of them. This springs from the fact that only 
eighteen of his sets contain U. He was also uncertain whether to exchange 
the sets allocated to serine with those for leucine, and possibly arginine 
with alanine and glutamine with aspartic acid. 

The agreement is not unimpressive, since it predicts that a poly C,A 
would incorporate proline and threonine, which was not known when he 
allocated his triplets. 

A code of this type can be considered in two distinct ways. The fact 
that there is a structural basis for the degeneracy suggests that there 
may be only one sRNA for each amino acid but that it does not always 
use the usual base-pairs when it sits on the template, so that the same 
sRNA can combine with more than one triplet. Thus the grouping of the 
triplets into twenty-four sets would be dictated by some unknown but 

plausible structural requirement, although the allocation of any set to a 
particular amino acid might be a historical accident, assuming the 
correctness of the adaptor hypothesis. 

It is not easy to reconcile the experimental data to this point of view 
since the fact that an amino acid is not incorporated by a certain 
polymer is then difficult to explain away. Moreover one might expect 
that H (which appears to act like G, as one would predict if the usual 
base-pairs are used) could act like A in the third position of the triplet, 
since both have a CH at position 2 in the purine ring. 

The alternative point of view, favored by Woese (personal com- 
munication), is that there is a separule sRNA for each triplet, making, 
on his allocation, fifty-six types in all. The relationship between the 
different triplets for one amino acid is then attributed to some unknown 
stereochemical relationship between each particular amino acid and its 
codons in the remote past, so that leucine, say, is necessarily associated 
with certain triplets. That such a general relationship could be discovered 
seems to be unlikely (in fact the adaptor hypothesis was invented be- 
cause of this difficulty). 

At any event, no such stereochemical relationship has yet been 
suggested. Woese’s code, in this form, does not appear to have an ade- 

.quat.e theoretical foundation. 
Woese’s code, as given in Table VII, is not in perfect agreement 

with the experimental data. For example, the more reliable results for 
the cell-free system show no incorporation corresponding to (UATJ) for 
serine, or (GCU) for methionine. However, it could be argued that the 
sRNA for these triplets are missing, or that the base sequence of the 
polymers is grossly nonrandom. If the three possible (UUG) codons 
stand for Leu, Cys, and Val, then Phe should not be (UGU), but this 
argument is a weak one. Again, the apparent incorporation of leucine 
because of a (UUG) and of histidine because of (ACC) is not accounted 
for by his code, but it is just possible that there are “errors” of incorpo- 
ration. In short, the evidence from the cell-free system is not sufficiently 
precise to make it possible to reject Woese’s code with certainty. 

Most of the amino acid replacement data will fit his scheme, but no 
possible allocation of triplets could account for the triangle 

Pro 
d I 

Ser 4 Lx 

found for nitrous acid mutants, unless one of these amino acids is 
represented by more than one of his sets of triplets, or unless one of 
these changes arises either from a transversion or from transitions to 
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TABLE VII 
Tas CODSI hCOPO8ED BY WOEBEI (1962)* 

1. UUU, UUC, UGU, UGC Phe 
2. UAU, UCU, UAC, UCC ser 
3. CUU, CUC, CGU, CGC LeU 

4. CAU, CCU, CAC, GCG RO 

6. CUU, GGU, GUC, GGC Val 
6. UUG, UGG CYa 
7. GUG, GGG GUY 
R. -. AUU. AUC. AGU. AGC Ih 

9. WA; UGA ’ Tyr 
10. AUA, AGA LYE 
11. UAA, UOA AapN 
12. AAU, ACU, AAC, ACC Thr 
13. GAU, GCU, GAC, GCC Met 
14. AUG, AGG AfJP 
15. QUA, GGA Glu 
16. CUG, CGG Ah 
17. UAG, UCG Am 
18. CUA, CGA His 
19. CAG, CCG - 

20. GAG, GCG 
21. CAA, CCA 
22. AAA, ACA 
23. GAA, GCA GluN 
24. AAG, ACG - 

0 The amino acids are aaaigned according to the experimentally observed coding 
tripleta (which are boldface) of Speyer cl al. (1962b) and according to amino acid re- 
placement data. 

two bases, in his case UAU (Ser) + CGU (Leu), or UCU (Ser) + CUU 
(Leu). The alteration found in hemoglobin of His + Arg would involve 
a change of all three bases. However, if arginine were reallocated to set 
no. 16 (CUG and CGG) only one base would need to be changed, 
A+ G. The mutagenic pattern for nitrous acid mutants (Fig. 3) shows 
five arrows connected to serine. Again (with the reservations made 
above) no possible allocation of the sets of triplets can give this result. 
In fact, it cannot be obtained with any of the 2 X 3 X 4 codes, since it 
can be shown (Crick, unpublished) that there is no case of a set being 
connected by transitions to more than four other sets. 

The situation will clearly have to be reviewed from time to time as 
more reliable data becomes available, but the amount of disagreement at 
the present time is disturbing. 

It seems unlikely that this code, or similar codes of the 2 X 3 X 4 

type, can be correct. The importance of Woese’s code is that it appears 
to be, in a rough sense, the sort of code one might expect. It is, therefore, 
of interest to see how far one may go in fitting other types of data to it. 

Woese (personal communication) has made the following observa- 
tions: 

(1) Given the approximate amino acid composition associated with 
an organism, a range of nucleic acid compositions can be cal- 
culated compatible with it. The actual base composition, in all 
cases studied, falls within this range. That is, one can account 
for the large variation in DNA base-ratios in microorganisms, 
and also the RNA composition of six small viruses, including 
wild cucumber mosaic virus, containing 40% C. 

(2) Woese shows that his code allows one to fit these data on 
nearest-neighbor frequencies for the bases in DNA from a 
variety of microorganisms (Jesse et al., 1961) rather well if the 
absolute order of bases is that shown in Table VII. Four of the 
other five possible permutations of order are a bad fit. He can 
only do this if the two strands of the DNA of any structural gene 
do not have identical base compositions (in all cases studied he 
predicts G > C for mRNA). 

(3) Swarte et al. (1962) have reported the nearest-neighbor base 
frequency for the single-stranded DNA virus 9x174. Woese 
shows that his code accounts for these frequencies if one assumes 
that the DNA chain in the virus is the coding strand. He states 
that one cannot fit the frequencies if the complementary strand 
is the coding strand. 

One may reserve judgement on all this for two reasons. First, in fit; 
ting the data, there are a good number of disposable parameters, al- 
though Woese shows very convincingly that they are not elastic enough 
to allow any two sets of data to be fitted together. Second, Woese’s code 
has been correlated with Ochoa’s triplets, and, as we have seen, these fit 
Sueoka’s data fairly well. Thus, I suspect that many codes of this 
general sort (that is, with the right kind of degeneracy and fitted to 
Ochoa’s triplets) could be made to fit the data on the base comfiosition 
and nearest-neighbor data of the nucleic acid. Obviously smalt (illogical) 
variations in Woese’s code would not alter the fit too much, and indeed 
in one place he argues that this may have happened in the course of 
evolution. Clearly a final judgement on this point cannot be made until 
the code is known completely. It would be of interest to see if any of the 
other 2 X 3 X 4 codes would fit the facts as well. 
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VIII. General Observations 

A. The Nature of the Code 
It is clear from what has been said that at almost every point we lack 

certain knowledge of the genetic code. Nevertheless, the weight of 
evidence certainly suggests that it is a nonoverlapping triplet code, 
heavily degenerate in some semisystmatic way, and universal, or nearly 
SO. Whether this general impression is misleading remains to be seen. 
However, although not one single codon can be said tc be known with 
certainty, we do know something: one codon for phenylalanine contains 
U’s one for proline contains C’s, and so on. The coding problem has 
moied out of the realm of rather abstract speculation into the rough and 
tumble of experimentation. 

8. Future Developments 
It would be rash to attempt to forecast the exact way in which the 

subject will develop, but certain trends can be foreseen. 
We can distinguish two types of information we need: first, the 

general nature of the genetic code; second, the distinctive identification 
of each codon. The general question on which information is most needed 
is that of degeneracy. Until we have a better idea of the number of 
codons that stand for amino acids, other evidence will be difficult to 
interpret.* A likely approach lies in the fraction&ion of the sRNA. Where 
in the past the main aim was to obtain the sRNA which accepted one 
amino acid free from ail the others, now we require the separatidn (or at 
least the separate labeling) of the different sRNA molecules accepting the 
same amino acid. It does not matter whether our samples are heavily 
contaminated with sRNA for other amino acids, since we can ignore 
these by having just the one amino acid radioactive. 

These RNA fractions can then be tested in the cell-free system for 
incorporation with defined polynucleotides, and also into particular posi- 
tions in defined proteins. Ultimately this technique should allow us to 
decipher the exact base sequence in a gene in spite of the ambiguity 
caused by degeneracy. 

The other obvious development is the synthesis of polynucleotides 
with defined or partly defined sequences. The most likely would seem to 
be either polymers made by polynucleotide phosphorylase and starting 
with small known primers,* or polynucleotides made chemically, with 
repeating sequence such as XYXYXY . . . or XYZXYZXYZ. . . . More- 
over, there is always the hope that by luck, or from increasing knowledge 

* See Addendum. 

of the actual mechanism of protein synthesis, it may be possible to use 
very small polynucleotides, even trinucleotides, in some way to uncover 
the code. This work, if carefully carried out, should lead to the unam- 
biguous identification of at least some codons, as to composition, order 
of bases, and size. 

The evidence to be obtained from mutation and from genetic studies 
generally is more difficult to forecast, especially if the code is highly 
degenerate. Mutations being basically rare events, it follows that argu- 
ments based on them are difficult to make completely certain. Does 
nitrous acid act almost always as we think it does? Do most mutations 
arise from changes in a single base? Are transversions perhaps very rare? 
Nevertheless, in time it should be possible, checking the genetic evidence 
by biochemical studies, to discover how to use it with confidence. 

At all stages we may expect evidence on the universality or quasi- 
universality of the code to accumulate. Any experiment that purports tb 
prove that the code is not universal will require careful documentation. 

It is obvious that there is no shortage of experiments that need doing. 
The problem is always which one to ‘tjr first. Unless the cell-free system 
shows unexpected difficulties, there is every cliance that it can be used tu 
solve the code. 

C. On the Place of Theory 
It does not seem to be appreciated that theoretical work is often of 

two rather distinct types. There is first the deduction from experiment: 
the weighing of the data and the reasoned assessment of, say, the evi- 
dence that a particular codon represents a particular amino acid. This I 
would call interpretation, and it needs to be done critically. 

Second we have theory proper. This may take several forms; ior 
example, Wall’s demonstration that a partially overlapping code is not 
yet eliminated; or Woese’s attempt to deduce the whole structure of the 
code from only part of it. These theories may not be correct hut they are 
both sensible and useful, in that they enable us to tighten up our logic 
and niake us scrutinize the experimental evidence to some purpose. 
Moreover, even if Woese’s code is wrong, his careful exploration of its 
consequences may enable us to see something about the general character 
of the genetic code. But, most important of all, these ideas are not merely 
useful, they are novel. If their authors had not suggested them, they 
might not have occurred to many people working on the problem. 

The bad theoretical paper takes an obvious technique, applies it to 
shaky data, and reaches a solution that even on general grounds can be 
seen to be unlikely. What is gained by this it is difficult to discover. 

In the long run we do not want to guess the genetic code, we want to 
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suggest that the order of bases in the triplet (UUA) for tyrosine is, in 
fact, AUU. They also mention that they have evidence that the tyroeine’ 
may lie at the C-terminal end of the polypeptide chain, and that cysteine 
may be GUU. However, the effects produced are small and independent 
confirmation by more rigorous methods is very desirable. 

The major development in the studies on the cell-free system, how- 
ever, has been the discovery by both Nirenberg’s and Ochoa’s groups that 
most polymers without uracil will stimulate amino acid incorporation 
(Jones and Nirenberg, 1962; Gardner et al., 1962). In particular the Iat- 
ter workers have shown that poly A produces poly+lysine, which had 
been missed previously because it wae aoluble in the precipitanta used. 
They have also shown that, as would be expected, the product was 
digested by trypsin but not by chymotrypsin. The new evidence is such 
as to make all transposible triplet codes unlikely (see Section VII,C,3). 

These results are too extensive to be reported here in detail. How- 
ever, they show clearly that (assuming triplets) the code has consider- 
able degeneracy and that the different codons for one amino acid are 
related. Thus, one of the main themes of this review has been justified 
before its publication. It is to be hoped that attention will now be given 
to the other theme-the necessity for the rigorous experimental proof 
of each codon. 

. 

Icnow what it is. It is, after all, one of the fundamental problems of 
biology. The time is rapidly approaching when the serious problem will 
be not whether, say, UUC is Likely to stand for serine, but what evidence 
can we accept that establishes this beyond reasonable doubt. What, in 
short, constitutes proof of a codon? Whether theory can help by suggest- 
ing the general structure of the code remains to be seen. If the code does 
have a logical structure there ia little doubt that ite discovery would 
greatly help the experimental work. Failing that, the main use of theory 
may be to suggest novel forms of evidence and to sharpen critical 
judgement. In the final analysis it is the quality of the experimental 
work that will be decisive. 

Addendum 
A fair number of papers have appeared since this review ~8s written, 

.but I shall content myself with mentioning briefly only one or two of 
the more important ones. 

Henning and Yanofsky (1962b) have reported their results on the 
amino acids substitutions caused by mutation at one particular place 
in the polypeptide chain of the A protein of the tryptophan synthetase of 
E. coli. In brief, a glycine in the wild type is changed by mutation either 
to a glutamic acid, from which it can revert to either the original glycine 
or to valine or alanine; or it is changed ta arginine, and can revert to 
either glycine or serine. In addition they have produced glycine aa a 
genetic recombinant of the arginine and glutamic acid mutanta, and 
both serine and glycine as recombinants of the vsline and arginine 
mutants. No recombinanta could be detected between the valine and 
glutamic acid mutants. 

These results show clearly that recombination can take place within 
a codon, though only rarely, as would be expected. The authors note that 
their results are compatible with Ochoa’s triplets-in fact they can be 
accounted for by a doublet codebut such assignments should be made 
with great caution until we know the composition of most of the codons. 
However it is obvious that this type of evidence will eventually be very 
useful in helping to decide the order of bases within certain codons. 

Gardner et al! (1962) have now reported the composition of the 
polynucleotides used previously by Ochoa’s group. These deviate rather 
less than might have been feared from the expected values, the worst 
case being a poly U,C,G which has base ratios of 6:0.6:1.1 from an 
incubation mixture with base ratios of 6: 1: 1. All the polymers con- 
taining only two bases had their base ratios within 6% of the expected 
values. 

Wahba et al. (1962) have reported preliminary experiments which 
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